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ABSTRACT 
A measuring system f o r  the l i n e a r  readout o f  both per iod ic  and 
aper iodic mechanical displacements over a r e l a t i v e l y  broad frequency 
range has been developed. The measuring system u t i 1  izes a 
Michelson interferometer wi th a cw lase r  as the l i g h t  source. A 
double loop e lec t ron i c  feed-back contro l  system s t a b i l i z e s  the 
interferometer and provides d i r e c t  readout o f  the mechanical d i s -  
placement. One loop s t a b i l i z e s  the interferometer path length 
thereby preventing ambient thermal and mechanical f l uc tua t i ons  from 
coup1 i n g  i n t o  the measuring system. The e l e c t r o n i c a l l y  detected 
output s ignal  o f  the interferometer i s  conditioned and fed back t o  
a voltage-to-displacement p iezoe lec t r i c  transducer which maintains 
a constant phase re la t i onsh ip  between the two legs o f  the i n t e r -  
ferometer. This loop maintains zero dc system e r r o r  by incorporat ing 
pure i n teg ra t i on  i n t o  i t s  transfer function. This loop w i l l  
maintain contro l  over mechanical disturbances exceeding 
20,000 angstroms i n  amplitude within a frequency range from zero t o  
17 hertz.  
A second contro l  loop re fe r red  t o  as the high frequency o r  
the measuring loop appl ies a conditioned e l e c t r i c a l  s ignal  t o  a 
second voltage-to-displacement transducer placed i n  op t i ca l  ser ies 
w i t h  the transducer i n  the s t a b i l i z a t i o n  loop. This loop maintains 
a small constant phase di f ference between the two legs o f  the i n t e r -  
ferometer. The frequency bandwidth o f  the measuring loop i s  
appreciably l a rge r  than t h a t  o f  the s t a b i l i z a t i o n  loop and i s  
designed t o  take over contro l  a t  the upper frequency l i m i t  o f  the 
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stabilization control loop. 
The measuring system provides a linear readout of displacements 
up to 2300 angstroms over a frequency range of 17 to 2400 hertz. 
narrower frequency bandwidths the system will control displacements 
up to at least 12,000 angstroms. The primary frequency limit to 
broadband use of the measuring system is the resonant frequency of 
the vol tage-to-displacement transducer in the measuring loop. 
For 
I. INTRODUCTION 
I n  recent years, w i t h  the advent o f  the cw gas laser,  o p t i c a l  
interferometers have gained new impetus i n  the f i e l d  o f  metrology. 
The gas l ase r  i s  an intense, monochromatic, col l imated l i g h t  source 
which may have a long coherence length. These character is t ics  al low 
v e r s a t i l i t y  i n  interferometry heretofore impract ica l .  Several new 
techniques f o r  observing v ib ra t i ona l  motion have been developed, 
though much o f  the background work was performed p r i o r  t o  the develop- 
ment o f  the laser .  
Two o f  the methods t h a t  have evolved and are present ly i n  use 
are the f r i n g e  counting method and the frequency o r  phase modulation 
technique. Fringe counting i s useful  when 1 arge amp1 i tude v ib ra t i ona l  
motion o r  l i n e a l  movement i s  under invest igat ion.  
t h a t  the maximum and minimum leve ls  o f  l i g h t  i n t e n s i t y  ( f r i nges )  
It i s  necessary 
caused by in ter ference be observed f o r  measurements i n  which the 
motion i s  large w i t h  respect t o  the wavelength o f  l i g h t  t h a t  i s  being 
used. To obtain high accuracy w i t h  t h i s  type o f  system one must have 
a large number o f  f r i nges  since the i n t e r p r e t a t i o n  o f  p a r t i a l  f r inges 
can introduce s i g n i  f i  cant e r ro r .  These systems 1 end themsel ves 
r e a d i l y  t o  d i g i t a l  readout methods. Rowley (19) has shown t h a t  the 
d i r e c t i o n  o f  the motion can be ascertained by the use o f  two detectors 
viewing the f r i n g e  pattern,  preferably  i n  phase quadrature. This also 
provides a method o f  e l im ina t i ng  errors  which may be caused by 
v ibrat ions t h a t  occur dur ing a measurement. Many modern machine shops 
are u t i l i z i n g  systems of t h i s  type fo r  prec is ion measurement o f  l i n e a r  
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motion and , thereby, providing accurate measurements o f  length.  
Many o f  the heterodyne and homodyne methods o f  i n t e r p r e t i n g  
the i n te r fe romet r i c  s ignals a r i s i n g  from frequency o r  phase modulated 
systems are b a s i c a l l y  an extension o f  the modulation detect ion systems 
employed a t  rad io  frequencies. 
Michelson interferometer i n  which the ac t i ve  l e g  i s  the op t i ca l  path 
formed by r e f l e c t i n g  l i g h t  from the surface under i nves t i ga t i on  and 
the reference l e g  i s  the o p t i c a l  path formed by r e f l e c t i n g  l i g h t  from 
a f i x e d  o r  reference surface. When the reference beam and the a c t i v e  
beam are combined so t h a t  in ter ference occurs, and the i n t e n s i t y  
v a r i a t i o n  i s  observed by a photodetector, the r e s u l t s  are an e l e c t r i c a l  
s ignal  which has informat ion pe r ta in ing  t o  the v i b r a t i n g  surface. 
Several methods f o r  the i n t e r p r e t a t i o n  o f  t h i s  s ignal  have been 
developed. I n  general these methods w i l l  be o f  e i t h e r  the heterodyne 
o r  homodyne technique. 
One arrangement consists o f  a 
A heterodyne system i s  one i n  which the wavelength o f  l i g h t  i n  
the ac t i ve  l e g  and reference l e g  i s  d i f f e r e n t  and usual ly  constant. 
The d i f f e rence  i n  the wavelength usual ly  r e s u l t s  from frequency 
modulation o f  the l i g h t  w i th  an o p t i c a l l y  ac t i ve  element t h a t  i s  
posi t ioned i n  one o f  the legs o f  the interferometer. The in ter ference 
signal  which occurs w i t h  no movement i n ' e i t h e r  l e g  w i l l  be a t  the 
frequency which corresponds t o  the di f ferences i n  the wavelengths 
of l i g h t  between the two legs. This frequency i s  usual ly  designated 
as the intermediate frequency ( I .F. ) .  When a change i n  the path 
length o f  one o f  the legs occurs, the r e s u l t i n g  frequency modulation 
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i s  present i n  a frequency band about the I .F. and may be conditioned 
and in terpreted i n  much the same way as a conventional FM signal. 
The homodyne system i s  s i m i l a r  t o  the heterodyne system except 
t h a t  there i s  no intermediate frequency introduced. That i s  the 
wavelength o f  the reference l e g  and the unmodulated ac t i ve  l e g  are 
the same. When two signals o f  the same frequency are detected i n  a 
square-1 aw device such as a photodetector , the r e s u l t i n g  output w i  11 
contain phase information. Thus, the phase re la t i onsh ip  between 
the reference beam and the ac t i ve  beam can be determined. 
detect ion o f  l a s e r  l i g h t  was reported by Rabinowitz (18) where i t  
was shown t h a t  f o r  a l a rge  modulation index the r e s u l t i n g  s ignal  i s  
Homodyne 
a sinusoidal ra ther  than a l i n e a r  representation o f  the phase 
modulation. This phenomenon has been a deterent i n  i n t e r p r e t i n g  the 
output o f  i n te r fe romet r i c  systems. I n  almost a l l  instances, as the 
amplitude o f  v i b r a t i o n  approaches one quarter o f  the wavelength o f  
the l i g h t  used i n  the interferometer,  the non l i nea r i t i es  o f  the 
modulation index become increas ing ly  important. 
sinusoidal i s  observed i n  one o f  these systems, the products and cross 
products o f  the harmonic terms caused by t h i s  n o n l i n e a r i t y  i n t e r a c t  
w i t h  the terms o f  the Four ier  ser ies o f  the nonsinusoidal s ignal  
r e s u l t i n g  i n  an extremely complex i n t e n s i t y  v a r i a t i o n  o f  the i nte r -  
I f  motion other than 
ference signal  . 
A1 1 i n te r fe romet r i c  systems have the cha rac te r i s t i c  t h a t  the 
in ter ference phenomenon can be assumed l i n e a r  only f o r  a very small 
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por t ion o f  a f r inge.  This l i n e a r  region occurs where the phase 
d i f ference between the two l i g h t  beams i s  ~ / 2  radians and i s  the 
average l i g h t  i n t e n s i t y  o f  the f r inges. There may also be a back- 
ground o r  quiescent l i g h t  i n t e n s i t y  present which i s  caused by unequal 
i n t e n s i t i e s  o f  the two l i g h t  beams i n  the i n te r fe romet r i c  system. 
The photodetector converts these l i g h t  i n t e n s i t i e s  i n t o  a dc e l e c t r i c a l  
s ignal .  
herent s t a b i l i t y  o f  the interferometer.  
disturbance a f f e c t i n g  the system dur ing the measurement o f  a v i b r a t i n g  
surface, i t  may appear along w i t h  the s ignal  and complicate the i n t e r -  
p re ta t i on  o f  the data. 
length o f  one o f  the interferometer o p t i c a l  legs , the r e s u l t  i s  t h a t  
the detector dc l e v e l  w i l l  be changed and any v ib ra t i ona l  s ignal  t h a t  
i s  present may become asymetric. 
The magnitude o f  t h i s  dc term i s  dependent upon the i n -  
I f  there i s  a time-varying 
I f  the disturbance causes a change i n  the 
If both o p t i c a l  path lengths o f  an interferometer are extended 
(o r  contracted) equal amounts, the r e s u l t i n g  l i g h t  l eve l  a t  the 
photodetector remains constant. A system which approximately s a t i s f i e s  
t h i s  condi t ion i s  described i n  t h i s  d isser ta t ion.  
system i n  which a small phase di f ference between the two legs i s  
maintained. This i s  accomplished by forming a phaselock loop where 
the interferometer i s  an ac t i ve  p o r t i o n  o f  the loop. The output o f  
the photodetector i s  considered t o  be an e r r o r  s ignal  t h a t  i s  ampli- 
f ied, f i l t e r e d ,  and appl ied back t o  the reference l e g  o f  the i n t e r -  
ferometer by use o f  a p iezoe lec t r i c  transducer on which the reference 
r e f l e c t o r  of the interferometer i s  mounted. A second loop i s  used 
It i s  a homodyne 
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t o  s t a b i l i z e  the system f o r  changes i n  the ambient environment and 
t o  prevent building vibrations from being observed along with the 
desi red information. 
-6- 
11. LITERATURE SURVEY 
Many techniques fo r  observing and i n t e r p r e t i n g  the i n t e n s i t y  
v a r i a t i o n  o f  the f r i n g e  patterns i n  o p t i c a l  interferometers have 
been developed i n  recent times. 
t o  homodyne systems, and have proved useful f o r  the c a l i b r a t i o n  of 
various electromechanical devices which requi re an accurate measurement 
o f  displacement as a funct ion of  time. The observation by 
Osterberg (15) t h a t  the v a r i a t i o n  o f  i n t e n s i t y  o f  i n te r fe romet r i c  
f r inges which are produced by simple harmonic motion i s  a funct ion of 
both frequency and amplitude o f  v i b r a t i o n  was o f  fundamental importance. 
The i n t e n s i t y  o f  an i dea l  f r i n g e  pa t te rn  occurr ing i n  a Michelson 
interferometer (2) i s  given by 
Some o f  these methods have been applied 
(1) I = 210(1 + cos- 4ad ) x 
where 21, i s  one h a l f  o f  the maximum l i g h t  i n tens i t y ,  d i s  the d i f f e r -  
ence i n  the instantaneous displacement o f  two legs (11 - 1 2 )  and A i s  
the wavelength o f  the l i g h t .  
harmonic nature i t  may be shown t h a t  the i n t e n s i t y  expression becomes a 
harmonic ser ies i nvo l v ing  Bessel funct ions o f  the f i r s t  kind. 
I f  the displacement o f  one l e g  i s  o f  a 
For the case where 12 i s  constant and 11 i s  changing i n  a sinu- 
soidal manner about a p o s i t i o n  L1, then (12 = Lp) and 
(11 = L1 + A sinwt). 
and ~ R / X  by x, I becomes 
If d i s  replaced i n  Equation (1) w i t h  (11 - 1 2 ) ,  
Using the t r i gomet r i c  i d e n t i t y  
cos(A + B )  = cosA COSB - sinA sinB 
-7- 
then 
I = 21,[1 + cosx(Ll - L ~ )  c o s x ( ~  s inwt)  
- .sinx(L1 - L2) sinx(A s i n ~ t ) ]  
m 
= 21, ([1 + cosx(L1 " L2)] [ Jo(xA) + 2 &J,k(xA) cos2kd] 
m 
- sinx(Ll - L2)[2 &J,,.,.l(xA) - s i n ( L k + l ) ~ t ] ) .  (2) 
The steady s t a t e  po r t i on  o f  the i n t e n s i t y  i s  
I = 210[1 + cosx(Ll - L2)] [Jo(xA)] . 
As the amplitude o f  v i b r a t i o n  A i s  increased from zero, the i n t e n s i t y  
changes as the zero order Bessel funct ion (16, 26). The Bessel 
functions o f  the f i r s t  k ind are mu1 t i - ze ro  functions; therefore, when 
the amplitude o f  the v i b r a t i o n  i s  o f  s u f f i c i e n t  magnitude f o r  the argu- 
ment xA o f  Jo(xA) t o  be 2.40, the f i r s t  minimum (zero point)  occurs. 
The second minimum w i l l  occur when xA equals 5.52 and the t h i r d  a t  
8.65. A t  these d i sc re te  points,  the amplitude o f  v i b r a t i o n  can be 
determined . The h i  gher order nul  1 poi n t s  become increas ing ly  more 
d i f f i c u l t  t o  discern because o f  the smaller maxima between them. 
A natura l  extension o f  t h i s  technique was t o  observe both 
maximum and minimum points  o f  not  on ly  the zero order Bessel f unc t i on  
but  the higher order ones also. The Jl(xA) term i s  contained i n  the 
c o e f f i c i e n t  o f  the s i n o t  term o f  Equation 2; J3(xA) i s  i n  the sin3wt 
term, and others f o l l o w  i n  a s i m i l a r  manner where the order i s  the 
same as the harmonic. The observation o f  these maximum and minimum 
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points requires the use o f  a photodetector and a frequency se lec t i ve  
network so t h a t  an i nd i v idua l  frequency may be observed. A b r i e f  
review o f  s i m i l a r  work performed by Russian s c i e n t i s t s  i s  given by 
Schmidt (20). 
Techniques f o r  measuring small v ibrat ions i n  a continuous fashion 
and not  only a t  d i sc re te  points were developed soon a f t e r  the l a s e r  
became a common source o f  1 i g h t  i n  interferometers (4,5).  
The 1 aser provides an intense , we1 1 -col 1 imated 1 i ght  source w i t h  
a long coherence length. These propert ies not  on ly  make the l a s e r  an 
ideal  l i g h t  source f o r  interferometers bu t  they a lso al low one t o  
analyze the complete system i n  terms o f  wel l  known electromagnetic 
re1 at ionshi  ps. 
The detect ion o f  the l i g h t  i n t e n s i t y  f l uc tua t i ons  o f  a l ase r  
i n te r fe romet r i c  system u t i l i z i n g  a square law detector can be described 
as fo l lows. The t o t a l  e l e c t r i c  f i e l d  strength E t h a t  s t r i k e s  the photo- 
detector i s  the sum o f  f i e l d  strengths E 1  and E2 from the reference 
l e g  and the ac t i ve  l e g  o f  the interferometer.  
E1 and E2 have time var ia t ions a t  the l i g h t  frequency W .  
general have both a f i x e d  and a t ime varying component. 
11 and 12 i n  
By expressing the e l e c t r i c  vectors i n  exponential form, E may be 
-9- 
written as  
The output voltage of the photodetector i s  proportional t o  the real 
part of the total  electric vector squared, [v a (Re E)2]. Darby (3) has 
shown tha t  since the photodetector can not  respond a t  the l i g h t  
frequency, then 
If L 1  and L2 are constant, l e t  
a lso,  l e t  
and 
f2 = %12(t) ,  
t h e n  Equation (3) becomes: 
By the proper adjustment 
90°, thereby e l im ina t i ng  
- 10- 
of l1 and 12, can be s e t  a t  e i t h e r  Oo o r  
one of the terms. To operate a t  p o i n t  A i n  
Figure 1 + i s  900; therefore, 
To f u r t h e r  s impl i fy ,  assume t h a t  El = E2 and l e t  E2' = El2 = I ,  
then 
V a I(1 - s i n ( f 1  - f2)). 
I f  
4 - 0 0 ,  
v a 1(1 f cos( f1  - f p ) )  
which i s  equivalent t o  the resu l t s  obtained by Osterberg (15) .  
From these mathematical expressions one can see the advisabi 1 i ty 
o f  se lec t i ng  the optimum operating condi t ions f o r  the interferometer 
as a means OF s i m p l i f y i n g  i n t e r p r e t a t i o n  o f  the i n te r fe romet r i c  s ignal .  
Consideration must be given t o  the system constraints t h a t  are required 
t o  meet and maintain these operating condit ions. Many o f  the lasers 
t h a t  are commonly avai lab le w i l l  have i n t e n s i t y  f l uc tua t i ons  up t o  
10 percent o f  the t o t a l  i n t e n s i t y  a t  frequencies from 120 hertz down n 
t o  a f r a c t i o n  o f  a hertz. These f l uc tua t i ons  w i l l  appear i n  both the 
''so cal led"  dc term and i n  the c o e f f i c i e n t  o f  the ac term o f  
Equation (3) and w i l l  be d i f f i c u l t  t o  separate from the signal .  
Wool let t  (25) devised a method whereby a port i 'on o f  the l a s e r  output 
r a d i a t i o n  was detected, ampli f ied, and fed back t o  the l ase r  power 
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supply causing a change i n  i n t e n s i t y  i n  the opposite d i rec t i on .  
Addi t ional  problems wi th  b u i l d i n g  v i b r a t i o n  l e d  t o  the development o f  
a low frequency feedback contro l  system t o  s t a b i l i z e  the interferometer. 
This was accomplished by amplifying and f i l t e r i n g  the low frequency 
var ia t ions of the s ignal  and feeding back t o  a p iezoe lec t r i c  transducer 
which had the reference m i r r o r  o f  the interferometer mounted on it. 
The movement o f  the reference m i r r o r  compensated f o r  the external 
disturbances of the system. A s i m i l a r  system was developed by Horn (11) 
except t h a t  instead o f  regulat ing the l ase r  power supply t o  insure 
constant i n t e n s i t y ,  a po r t i on  of the l i g h t  was detected and sub- 
tracted, using a di f ference ampl i f ier ,  from the detected output o f  
the interferometer.  This s ignal  was then ampl i f ied and applied, 
through a low pass f i l t e r ,  t o  the transducer i n  the reference leg.  
With t h i s  arrangement i t  i s  possible t o  establ ish a reference l e v e l  
t h a t  i s  independent o f  the l a s e r  i n t e n s i t y  and o f  external  v ibrat ions,  
d r i f t ,  and a i r  currents so long .as the t ime f l uc tua t i ons  o f  these 
disturbances are w i t h i n  the bandwidth of the contro l  system. The 
design o f  a "type one" contro l  system t h a t  provides a stable i n t e r -  
ferometr ic system i s  discussed i n  Section IV. 
With the c a p a b i l i t y  of having an interferometer t h a t  does n o t  
have "noise" problems from external sources, one can analyze the 
various v ib ra t i ons  o r  motions under i nves t i ga t i on  i n  a s t r a i g h t -  
forward manner. 
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111. TECHNIQUES FOR THE MEASUREMENT OF P E R I O D I C  AND APERIODIC MOTION 
A. In t roduct ion 
Methods by which the motion o f  a surface can be analyzed o r  
measured w i t h  an i n te r fe romet r i c  system are discussed i n  t h i s  section. 
The development by the author o f  a new technique i s  also presented. 
This l a t t e r  technique d i f f e r s  from the others i n  t h a t  a system i s  
'developed which provides a d i r e c t  "readout" o f  t he  motion. 
allows nonsinusoidal and aperiodic motion t o  be analyzed. 
most o f  the methods were l i m i t e d  t o  simple harmonic motion. 
other than simple harmonic i s  t o  be measured, complicated spectrum 
analysis o f  the detected wave form i s  required. The complexity o f  
the s ignals i s  caused by the non l i nea r i t y  o f  the in ter ference e f f e c t .  
The system developed i n  t h i s  d i sse r ta t i on  reduces t h i s  non l i nea r i t y  
by the use o f  conventional feed-back techniques whereby a po r t i on  of 
the output i s  returned t o  the input.  The reduct ion o f  the non- 
l i n e a r i t y  has been accomplished through the use o f  two feed-back paths. 
One o f  these paths corrects f o r  dc and low frequency disturbances I n  
the system and i s  re fe r red  t o  as the low frequency correct ion loop. 
The other path also corrects f o r  disturbances bu t  i t  has a frequency 
response t h a t  encompasses the range o f  frequencies t h a t  i t  i s  desirable 
t o  measure. This path i s  r e f e r r e d  t o  as the measurement loop. 
the case o f  aper iodic motion, the measurement loop must have a time 
response t h a t  i s  capable o f  f o l l ow ing  the motion. 
t h i s  measuring technique can be explained by examination o f  the 
It also 
Previously 
I f  motion 
I n  
Development o f  
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e l e c t r i c a l  s ignal  t h a t  ar ises from the detect ion o f  the l i g h t  i n t e n s i t y  
v a r i a t i o n  of the i n te r fe romet r i c  system output. 
B. In ter ferometr ic  Signals 
The general expression f o r  the voltage derived from a photo- 
detector i l l um ina ted  by an i n te r fe romet r i c  f r i n g e  pat tern was given 
i n  Equation (4 )  as 
One o f  the usual assumptions t h a t  i s  made f o r  mathematical s imp l i -  
f i c a t i o n  i s  t h a t  ( E 1  = E2) and, since the i n t e n s i t y  o f  l i g h t  i s  equal 
t o  the r e a l  p a r t  o f  the e l e c t r i c  vector squared, Equation (4) becomes 
I n  actual pract ice the condit ion, El = E2, i s  seldom met bu t  i n  many 
appl icat ions i t  i s  o f  l i t t l e  concern s ince as shown l a t e r ,  i t  may be 
accounted f o r  by the add i t i on  o f  a constant term t o  Equation ( 5 ) .  A 
s i m p l i f i e d  analogy t o  the voltage expression given by the modi f icat ion 
o f  Equation (5) i s  the output o f  a d i r e c t  coupled amp l i f i e r ,  which i s  
a t  some dc b ias voltage. 
For maximum possible amplitude swing, the b ias l e v e l  should be a t  
midpoint o f  the a m p l i f i e r  supply voltage. This corresponds t o  equal 
The ac s ignal  f l uc tua tes  about t h i s  dc l eve l .  
i n t e n s i t i e s  o f  the two beams i n  the interferometer.  A dif ference i n  
the i n t e n s i t i e s  o f  the two beams corresponds t o  a lower voltage bias 
po in t  i n  the a m p l i f i e r  and a decrease i n  the maximum possible amplitude 
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o f  the ac s igna l  . 
portion o f  the interferometric signal may be a small p a r t  of the 
total  l igh t .  
Under these conditions the amp1 i tude of the ac 
If the interferometer i s  not adjusted to  the condition of ~ / 2  
phase difference between the two l igh t  beams, there may be an addi- 
tional dc term i n  the expression a r i s i n g  from the [cos$ cos(f1 - f2)] 
term o f  Equation (4). For the simplest case where 
f l  = xA s i n d  
and 
f 2  = 0, 
then the above term of Equation (4) becomes 
1 
00 
cos$ cos(xA sinwt) = cos4 JZk(xA) cos2kwt . 
The function, Jo(xA), has no time varying character is t ic ,  b u t  i t s  
magnitude changes w i t h  the peak amplitude o f  the time varying function. 
The variation i n  the dc level may be used as an error signal i n  order 
to  minimize the   COS^) term by adjusting one o f  the leg lengths t o  
maintain a ~ / 2  phase difference i n  the beams. 
the sinusoidal motion is increased suff ic ient ly ,  Jo(xA) will approach 
zero and the error signal will be absent for  a l l  values of 4 .  T h i s  
condition occurs a t  (xA = 2.4) nhich corresponds t o  a vibrational 
amplitude o f  1208 angstroms when a l i g h t  source o f  wavelength 6328 
angstroms is  used. The error signal will be zero a t  each amplitude 
that produces a n u l l  po in t  i n  the zero order Bessel function. 
I f  the amplitude A o f  
A t  
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these points,  4 may change from the n/2 p o s i t i o n  and the ac s ignal  
may be d is tor ted.  Fortunately the amplitude a t  which the f i r s t  n u l l  
arger than the maximum amplitude o f  the ac e r r o r  s ignal  i n  
Therefore, i n  t h i s  system these points o f  uniqueness can 
occurs i s  
the system 
be ignored 
I f  the interferometer i s  s t a b i l i z e d  by a contro l  system such 
t h a t  (P i s   IT/^ radians, the expression f o r  the detected voltage derived 
from Equation (4) becomes 
El2 + 
2 
V a  + E1E2 [- s i n ( f l  - f2)]. 
When (E1 Z E2) bu t  (aE1 = E2) where a i s  a p r o p o r t i o n a l i t y  constant, 
then 
The E l 2  + a term produces a dc output s,gnal from the photo- [ L2)l 
detector. A por t i on  o f  the l i g h t  emitted from the laser,  p r i o r  t o  
entrance o f  the l i g h t  i n t o  the interferometer, can be detected and 
amp1 i f i e d  such t h a t  the magnitude o f  t h i s  "reference" voltage i s  equal 
t o  the voltage developed from the above term. These 
two voltage signals may be subtracted r e s u l t i n g  i n  a zero dc term i n  
the voltage expression. 
Thus 
v a [- sin(f l  - f2)]. 
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i f  the laser  intensity varies,  both the "reference" voltage and the - 
[E12(l term change by the same percentage. With the correct 
amp1 i f icat ion factor for  the "reference" vol tage t h i s  intensity 
fluctuation will be canceled. However, the intensity change will 
appear as a variation i n  amplitude of the time varying portion of 
the signal.  
of the interferometer, t h a t  i s  i f  a varies,  the b12(1 
changes w i t h  respect t o  the reference term and corrective action of 
I f  there is an attenuation of intensi ty  i n  e i ther  leg 
term 
the control system will occur until the difference between the ref-  
c .1 
a ) terms i s  zero. Even i f  El and E2 are made ' J  
equal i n  magnitude the same relationships hold. 
By developing a reference voltage through the use of the l i gh t  
from the laser ,  fluctuations i n  laser intensity will not cause the 
equilibruum p o i n t  of the control system t o  change. If an independent 
reference voltage i s  used and as laser intensity fluctuations occur, 
then the control system will attempt t o  correct for these dc changes 
and "fringe roll ing" may occur or a t  l eas t  an asymetrical or  distorted 
signal may be produced. 
There remains the consideration of the change i n  the amplitude 
o f  the time varying portion of the signal consequently i t  i s  advan- 
tageous t o  begin with a s table  l igh t  source i n  order to  perform 
precision measurements. Electronic regulation o f  the laser power 
supply, similar t o  that  described by Woollett, (25) may be useful i f  
there is no interaction between the power supply regulation and the 
optical system. To insure th i s  condition, the response time o f  the 
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power supply regu la t i on  should be appreciably more rap id  than the  
op t i ca l  path length correct ion technique. This condi t ion was no t  
feasible f o r  the system developed i n  t h i s  study. 
The previously developed Equation (6) i s  the e l e c t r i c a l  response 
o f  the photodetector i n  a s t a b i l i z e d  interferometer where the dc path 
length d i f ference i n  the legs i s  l i m i t e d  t o  [(2n + l) ~ / 2 ]  radians. 
This c a p a b i l i t y  s i m p l i f i e s  the analysis o f  the s ignal .  There are 
several cases which should be considered such as simple harmonic motion 
i n  one l e g  o r  i n  both legs, motion other than simple harmonic, and 
f i n a l l y  aper iodic motion. 
Case I A .  Simple Harmonic Motion i n  One Interferometer Leg 
It can be shown from Equations (2) and (6) t h a t  when 
fl = xA sinwt 
f2 = 0 
-aE12 = K 
then 
V = K sin(xA sinwt) = K2 J Z ~ + ~ ( X A )  s in(2k+l)wt g o  
= 2K[Jl(xA) s in&  + J3(xA) sin3wt $. J5(xA) sin5wt+.. .] . 
The Bessel functions are w e l l  known and documented (9, 221 . Thus by 
se lec t i ng  one o f  the terms i n  the ser ies by use o f  a frequency band- 
pass f i l t e r ,  and evaluat ing the constant K a t  the maximum o f  the 
Bessel funct ion,  a continuous "readout" o f  the amplitude o f  v i b r a t i o n  
i s  obtained from the invers ion o f  the Bessel funct ion (4, 5). 
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A l te rna te l y  the r a t i o  of the amplitudes o f  two of the harmonic terms 
may be used t o  determine the amplitude o f  v i b r a t i o n  (3). The constant K 
does no t  have t o  be evaluated i n  the l a t t e r  method. Both o f  these 
methods w i l l  have ambiguit ies f o r  1 arge amp1 i tude v i  b r a t i  on since the 
Bessel funct ions become mu1 t ivalued. 
Case I B .  Simple Harmonic Motion i n  Both Interferometer Legs 
If 
fl = xA sinolt 
and 
f 2  = xB sinwzt 
then i f  the same de f , , i i t i on  f o r  K i s  appl ied t o  Equations (2) ant 
as i n  Case IA, the fo l l ow ing  mathematical r e l a t i o n s  resu l t .  
V = K stn(xA s i n y l t  - XB sinwpt) 
using the tri gometric i d e n t i t y  
sin(A-B) = sinA cosB - cosA sinB. 
Then 
V = K[sin(xA sinwlt) cos(xB sinwzt) 
-[J,CXA) t 2 
- cos(xA sinwlt) sin(xB s i n ~ ~ t ) ]  
i n  (Zkt l ]  wl t] 
{xA) sinZkwlt ]  n-1 
n=O 
[J,(xB] t’ 2 J2,,CxB) cos2nw2t] 
[2 r32n+lfxB) sin(Zntl1 wZt])  
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Each o f  the terms o f  t h i s  equation i s  an i n f i n i t e  ser ies where the 
number o f  s i g n i f i c a n t  terms i n  each ser ies depends on the r e l a t i v e  
amplitudes o f  .the two motions. 
analysis where the funct ion f2 was considered as "noise" i n  the system 
d i s tu rb ing  the signal  fl. 
i n  the complexity o f  analysing signals r e s u l t i n g  from motion i n  both 
legs o f  the interferometer. It appears though t h a t  the r a t i o  method 
Pendergrast (16) has performed an 
I n  general, there i s  considerable increase 
described under Case I A  may remain usable i f  on ly  harmonically 
re la ted  terms are used i n  the analysis. 
Case 11. Nonsinusoidal Per iodic Motion i n  One Interferometer Leg 
S i m i l a r l y  as i n  Case I A ,  i f  
fl = A j  s i n j u t  
and f 2  = 0 
then 
00 
v = K s in (  1 
j=1 
V = K sin(A1sinwt t A2sin2ut t A3sin3wt t A4sin4wt t . . .). 
s i n j u t ) .  
To i l l u s t r a t e  fu r the r ,  assume t h a t  the harmonic ser ies only has four 
s i g n i f i c a n t  terms. 
Let 
BS = A .  s i n j u t  J 
then 
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Using the trigometric identities 
cos(A+B) = cosA cosB - sinA sinB 
and 
sin(A+B) = sinA cosB t cosA sinB. 
= K[sinBl cosB2 cosB3 cosB4 t sinB2 cosBl cosB3 cosB4 
+ sinB3 cosBl cosB2 cosB4 t sinB4 cosBl cosB2 cosB3 
- cosBl sinB2 sinB3 sinB4 - cosB2 sinBl sinB3 sinB4 
- cosB3 sinBl sinB2 sinB4 - cosB4 sinBl sinB2 sin831 
= K[si n(A1si nut )  cos(A2si n 2 w t )  cos (A3si n 3 d )  cos( A4si n 4 ~ t )  
t s i  n ( A p  i n2ut) cos (Alsi nut )  cos (A3s.i n 3 ~ t )  cos (&si n 4 ~ t )  
+ sin(Apin3ut) cos(Alsinut) cos(A2sin2ut) cos(A4sin4wt) 
+ si n(A4si n4ut )  cos( Alsi n u t )  cos (A2sin2wt) cos (A3sin3ut) 
- cos ( Alsi n u t )  sin (Api n2ut )  s in(A3s i n3wt)  sin (A4si n4ut )  
- cos ( A2si n2ut) si n (  Alsi nut )  sin ( A3si n3ut )  sin (A4si n 4 d )  
- cos ( A ~ s  i n 3 d )  s i  n ( Alsi n u t )  s i n ( A2s i n 2 d )  s i n ( A ~ s  i n4ut )  
- cos (A4si n 4 ~ t )  s i  n (  Alsi nut )  sin( A2si n2wt)  sin ( A p  i n3ut  4 
00 
Recall i ng t h a t  
sin(A sinut) = 2 C J ~ ~ ( ~ )  sin(2ktl)ut 
k=O 
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and 
cos(A sin&) = Jo(A) I- 2 2 J Z k ( A )  cos2kwt, 
i t  is seen tha t  each of the terms i n  the above expression is a 
product of Bessel function series. 
Case 111. Aperiodic Motion i n  One Interferometer Leg 
An aperiodic function may be analyzed through the use of the 
Fourier integral since a Fourier ser ies  will approach an aperiodic 
function i f  the period of the ser ies  approaches inf in i ty  (13). T h i s  
method has merit, i n  a mathematical context, i f  an aperiodic function 
f ( t )  i s  the function t o  be analyzed. In this case 
where 
f l  = f ( t )  
and 
f 2  = 0 
then analogously as i n  previous cases 
V = K s i n ( f ( t ) ) .  
The function i s  not aperiodic b u t  the argument of the function 
t o  be analyzed is an aperiodic function. 
give a general method by which information about the motion could be 
ascertained i n  a practical fashion. 
I t  would be d i f f i cu l t  t o  
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C. The Theoretical Basis for  the D i r e c t  Readout o f  an In ter ferometr ic  
Sys tem 
The complexity of the i n te r fe romet r i c  s ignal  r e s u l t i n g  i n  the 
cases discussed i n  the previous sect ion should be evident. I f  the 
general expression f o r  the detected signal  i s  examined, i t  can be 
seen t h a t  i f  f l  and f2 are very small the analysis o f  the r e s u l t i n g  
s ignal  i s  s i m p l i f i e d  s i g n i f i c a n t l y .  
I f  
fl = A s i n a t  
where 
A<<A/~II 
and 
f 2  = 0 
then 
V = K sin(xA s i n a t )  2 KxA s ina t .  
The e r r o r  r e s u l t i n g  from the approximation, s i n  e = e, can be deter-  
mined by examination o f  the ser ies expansion o f  the s ine funct ion or 
d i r e c t l y  from a t a b l e  o f  t r i gomet r i c  functions. 
a 10.3 percent dev iat ion o f  s ignal  output from l i n e a r i t y  with motion, 
the magnitude o f  e i n  the s i n  e = e approximation i s  0.8 radians 
therefore , 
As an example, f o r  
xA = 0.8 
and since 
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then 
A = 0.8(6328 = 404 angstroms. 
4 f l  
S i m i l a r l y  the amplitude f o r  1.0 percent s ignal  e r r o r  r e l a t i v e  t o  d i s -  
placement i n  fl can be found t o  be 129 angstroms. Addit ional analysis 
could be performed f o r  the nonsinusoidal cases bu t  i t  would be o f  
l i t t l e  bene f i t  except t o  conf i rm the fac t  that ,  i f  the amplitude o f  
movement i s  small, the system output s ignal  i s  approximately l i n e a r  
w i th  movement and allows s t r a i g h t  forward i n t e r p r e t a t i o n  o f  the s ignal .  
It i s  desirable t o  extend the l i n e a r  region o f  operation of the 
in ter ferometr ic  system so t h a t  l a r g e r  amplitudes o f  motion may be 
analyzed i n  a l i n e a r  fashion. 
e lec t ron i c  c i r c u i t s  u t i l i z e  negative feedback f o r  l i n e a r i z a t i o n  (24). 
The process can be i l l u s t r a t e d  i n  a simple manner. Assume a system 
w i th  negative feedback as shown i n  Figure 2. 
i t s  l i n e a r  operating range, some amount o f  d i s t o r t i o n  D i s  present 
i n  C(s) before feedback i s  appl ied and a f t e r  feedback the d i s t o r t i o n  
i s  D . The amount o f  s ignal  t h a t  i s  fed back i s  H(s)D(s) .  
Conventional cont ro l  systems and 
I f  G ( s )  i s  dr iven beyond 
I 
Therefore, 
D l s )  = 
D l s )  = D( s)  1 + G ( s ]  H(s) 
1 
1 + G(s) H(s)  The d i s t o r t i o n  has been reduced by t he  f a c t o r  
The problem i s  t o  determine how t o  proper ly apply feedback t o  an i n t e r -  
ferometr ic system. The interference phenomenon, which i s  the 
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non l i nea r i t y  t h a t  i s  t o  be l inear ized,  must be an i n t e g r a l  p a r t  o f  
the closed loop. 
the input,  a mechanical motion must a lso be the feedback parameter. 
I f  the feedback were equal t o  the input ,  t o t a l  correct ion would occur 
and there would be no change i n  the f r i n g e  pat tern o f  the interferometer. 
I n  conventional closed loop systems, the di f ference between the 
i npu t  s ignal  and the fed  back signal  i s  the e r r o r  s ignal .  
system the e r r o r  s ignal  i s  the i n t e n s i t y  changes o f  the fr inges and 
the output voltage o f  the photodetector i s  d i r e c t l y  proport ional  t o  
it. Usually a system i s  designed t o  meet some desired input-output 
re la t i onsh ip  denoted by a t rans fe r  funct ion.  I n  th is  case the primary 
design c r i t e r i o n  i s  a minimum closed loop error .  As small an e r r o r  as 
possible i s  necessary fo r  the approximation s i n  e = e t o  be u t i l i z e d  ; 
thereby e l im ina t i ng  the necessity o f  using Bessel funct ions t o  
describe the i n t e n s i t y  change o f  the in ter ference pattern. 
Since a mechanical motion ( the v i b r a t i n g  surface) i s  
I n  t h i s  
A general descr ip t ion o f  the system may be given as fo l lows. 
The system shown i n  Figure 3 i s  a u n i t y  feedback system w i t h  a t rans- 
f e r  funct ion.  
d l  i s  the motion o f  the surface under i nves t i ga t i on  i n  one l e g  o f  the 
interferometer, d2 i s  the motion o f  the transducer i n  the other o r  
compensating l e g  o f  the interferometer.  The e r r o r  E i s  the d i f ference 
between d l  and d2. 
where amp1 i f i  cations and signal  condi t ioning occurs and may be d iv ided 
Gl(s) and G2(s) are general t rans fe r  functions 
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i n t o  addi t ional  funct ional  blocks. Since the e r r o r  i n  the i n t e r -  
ferometr ic system must remain small f o r  l i n e a r  operation, i t  i s  
desirable t h a t  d2 equal dl. d2 i s  the output o f  the contro l  system, 
and i t  reproduces d l  t o  w i t h i n  the error .  
and d2 are the mechanical motions o f  the transducers i n  the two legs 
o f  the interferometer,  the e r r o r  E i s  represented by the detected 
l i g h t  i n t e n s i t y  change i n  the in ter ference pat tern,  and has dimen- 
s i  ons o f  m i  11 i vol ts/angstrom. A more deta i  1 ed descr ip t ion o f  t he  
e r r o r  voltage i s  given l a t e r .  Gl(s) converts an e l e c t r i c a l  s ignal  
i n t o  a displacement and has u n i t s  o f  angstroms/volt. 
ducer represented by G2(s) has a l i n e a r  cha rac te r i s t i c  such t h a t  
d2 = Kel then el w i l l  be an e l e c t r i c a l  s ignal  which i s  a r e p l i c a  o f  
the displacement d l ,  except f o r  the f a c t o r  K s ince d2 i s  near ly equal 
i n  magnitude t o  d l .  This provides a method by which an e l e c t r i c a l  
s ignal  gives d i r e c t  information about the mechanical motion o f  the 
surface under invest igat ion.  The amp1 i tude and frequency content o f  
t h i s  motion can be measured as we l l  as harmonic analyses and t ime 
domain studies may be performed. There are no r e s t r i c t i o n s  on the 
type o f  surface motion t h a t  can be observed so long as the physical 
elements i n  the contro l  system are able t o  move as f a r  and as r a p i d l y  
as the surface under invest igat ion.  
I n  the actual system d l  
I f the t rans-  
The error ,  which i s  the d i f ference i n  the mechanical displacement 
of the two interferometer legs i s  ( e  = d l  - d2). The detected signal  
from the interferometer i s  VD = KIE = K 1  ( d l  - d2) vo l t s .  This 
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signal  i s  a lso considered as an e r r o r  since i t  i s  a representation 
of (dl - d2), d i f f e r i n g  only by the factor K1. Therefore K1, which i s  
the photodetector t ransfer function has u n i t s  o f  volts/angstroms. 
i s  also dependent on the alignment o f  the interferometer since a 
change i n  the alignment may cause v a r i a t i o n  i n  the quant i ty  of l i g h t  
s t r i k i n g  the photodetector. K i s  determined by measuring the 1 
amplitude o f  the detected e l e c t r i c a l  s ignal  when a ~ / 4  o r  greater peak 
displacement i s  appl ied t o  one o f  the interferometer legs whi le  the 
other i s  held constant. This procedure provides a constant term which 
i s  given as v o l t s  per quarter Wave movement. 
i l l u s t r a t e s  t h i s  determination of the gain constant for  x/4 movement. 
K1 
Figure 1 graphica l ly  
Since the in ter ference ef fect  i s  non-linear, the gain factor ,  
K1, w i l l  vary w i t h  the amplitude of the displacement. 
s i n  0 = 0 approximation t o  be v a l i d  f o r  t h i s  system, the e f f e c t i v e  
For the 
displacement must be small. This cons t ra in t  requires t h a t  the gain 
K1 be evaluated a t  the operat ing p o i n t  A i n  Figure 1. 
From the d e r i v a t i v e  o f  the i n t e n s i t y  expression 
I = 21, (1 -t. cos -1 471d 
i t  i s  determined t h a t  the gain a t  p o i n t  A is n/2 greater than the 
value which i s  obtained by use of ~ / 4  movement. Therefore, t o  
c a l i b r a t e  the in ter ferometr ic  system, a l a rge  amplitude displacement 
i s  appl ied t o  the ac t i ve  l e g  o f  the interferometer t o  achieve a 
m u l t i p l e  f r i n g e  interference signal .  The peak t o  peak amplitude of 
t h i s  s ignal  d iv ided by x/4 provides a quan t i t y  t h a t  must be m u l t i p l i e d  
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by 1r/2 t o  determine the gain K1 a t  p o i n t  A i n  Figure 1. 
detector t ransfer  f unc t i on  i s  a fac to r  o f  ~ / 2  l a rge r  a t  po in t  A than 
i t  i s  when evaluated f o r  x/4 amplitude o f  v ib ra t i on .  
Thus the 
D. Comparison t o  a Conventional Phaselock Loop 
The s i m i l a r i t y  o f  the i n te r fe romet r i c  system and a phaselock 
loop (7)  can be seen from a comparison of the block diagrams o f  the 
systems i n  Figures 1 and 4. 
I n  the phaselock loop, the phase detector compares the phase of 
the incoming signal  wi th  the output o f  a voltage con t ro l l ed  
o s c i l l a t o r  (VCO). 
i s  f i l t e r e d  and returned t o  the voltage contro l  o s c i l l a t o r  i n  a 
manner t h a t  changes the frequency o f  the VCO i n  the d i r e c t i o n  t o  
minimize the error .  
be considered analogous t o  the VCO o f  the phaselock system. The inpu t  
s ignal  would be the l i g h t  i n  the l e g  o f  the interferometer t h a t  was 
ref lected from the surface under study. The phase detector would 
correspond t o  the in ter ference e f f e c t  and the loop f i l t e r  would be the 
detection, amp l i f i ca t i on  and conversion of the e l e c t r i c a l  s ignal  t o  
the c o n t r o l l i n g  mechanical motion. The phaselock loop w i t h  a VCO has 
the c h a r a c t e r i s t i c  o f  always being a t  l e a s t  a type ohe system (7).  
This means t h a t  the dc e r ro r  i s  zero and i s  a r e s u l t  o f  the open loop 
t ransfer  funct ion having pure i n teg ra t i on  present. 
frequency change i s  a constant times the appl ied contro l  vol tage and, 
since frequency i s  the time d e r i v a t i v e  o f  phase, then 
The e r r o r  o r  d i f f e rence  i n  phase o f  the two signals 
The reference l e g  i n  the interferometer might 
I n  a VCO the 
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de, = KVc, d t  
where eo i s  the reference phase o f  the o s c i l l a t o r  and V c  i s  the 
contro l  voltage. I n  Laplace no ta t i on  the above r e l a t i o n  becomes : 
seo(s) = K Vc(s) 
and 
Let  the loop f i l t e r  t ransfer f unc t i on  be F(s) , then 
The closed loop t rans fe r  funct ion o f  the phaselock system w i l l  be 
By the se lec t i on  of various t rans fe r  functions f o r  F ( s )  , d i f f e r e n t  
closed loop systems [eo(s)/ei(s)] can be formed. 
The in te r fe romet r i c  system does not  have a component which has 
a response comparable t o  the VCO. 
produce a type one contro l  system, i n t e g r a t i o n  must be added w i t h i n  
the closed loop. 
Consequently, i f  one wishes t o  
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E. Development o f  the In ter ferometr ic  Control System 
A u n i t y  gain feedback system has a t ransfer  funct ion o f  the form 
where the terms are as previously defined and the e r r o r  i s  
E(S)  = d l (s)  - d 2 ( ~ ) .  
Since 
The e r r o r  i s  the i npu t  reduced 
This indicates t h a t  i f  the magn 
large, the e r r o r  w i  11 be small. 
bandwidth and a l a rge  magnitude 
y a f a c t o r  o f  one plus the loop gain. 
tude o f  the gain i n  the loop i s  made 
I f  G(s) approaches an i n f i n i t e  
then 
This condi t ion can seldom be r e a l i z e d  i n  physical systems and i n  t h i s  
regard system frequency l i m i t a t i o n s  play an important r o l l .  Deter- 
mination o f  magnitude of loop gain requires consideration o f  the s i z e  
o f  the e r r o r  t h a t  can be to le ra ted  f o r  a maximum signal  input. 
the previous discussion o f  the accuracy o f  the s ine = e approximation, 
i t  was establ ished f o r  ten percent readout accuracy, the amplitude of 
the e r r o r  could be as l a rge  as 400 angstroms peak. For one percent 
From 
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the e r ro r  could be 120 angstroms. 
loop gain i n  the system i s  ten, then f o r  an accuracy o f  ten percent, 
the i npu t  motion would be l i m i t e d  t o  4000 angstroms peak. 
I f  the magnitude o f  one plus the 
There i s  another fac to r  which must be considered t o  insure t h a t  
the development o f  the feed-back con t ro l  system i s  feasible.  The 
assumption i s  t h a t  for small e r r o r  sine = e. This i s  also pre- 
dicated on the f a c t  t h a t  cos$ = 0 where $ i s  the steady s t a t e  o r  dc 
phase d i f ference between the legs o f  the interferometer. 
corresponds t o  operat ing about p o i n t  A i n  Figure 1. 
d i f f i c u l t  t o  achieve the inherent s t a b i l i t y  required t o  meet the 
above condit ions wi thout  a c t i v e l y  compensating f o r  changes i n  
ambient condit ions and for ambient low frequency v ibrat ions.  A low 
frequency contro l  system as discussed i n  Section 11 and described 
i n  references (25) and (11) i s  almost a necessity f o r  operation under 
t y p i c a l  condit ions. This system should be a t  l e a s t  a type one 
system since zero dc e r r o r  i s  necessary. The closed loop bandwidth 
i s  s e t  by the gain o f  the loop. To produce a type one system 
requires a stable, h igh qua l i t y ,  h igh gain ampl i f ier ,  since any 
e l e c t r i c a l  d r i f t  o r  change i n  the dc bias l e v e l  w i l l  be in terpreted 
as a change i n  the interferometer and co r rec t i ve  ac t i on  w i l l  be 
ef fected by the contro l  loop. 
4 = 1r/2 
It i s  extremely 
The f i n a l  and most c r i t i c a l  elements t o  be considered are the 
transducers t h a t  provide the correct ion displacements i n  the legs 
o f  the interferometer.  The desired cha rac te r i s t i cs  o f  the transducers 
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are l inear  expansion or  contraction w i t h  applied voltage. 
conditions are approximately met over 1 i m i  ted frequency ranges by 
certain types of piezoelectric ceramic materials. 
These 
The total  system tha t  has evolved is shown i n  Figure 5 and can 
be described as a dynamic interferometer i n  which feedback is  used 
for  l inearization of the interference effect .  The feedback i s  used 
through parallel paths to  two voltage t o  displacement transducers 
i n  the reference leg of the interferometer. 
dc and low frequency path while the other possesses a frequency 
response tha t  i s  compatable w i t h  the frequency of movement of the 
surface under investigation. 
the low frequency loop and a phaselock loop system since b o t h  a re  
type one systems. 
which was designed to  produce min imum error  throughout the measuring 
frequency range. 
purely integrative function within the loop. 
applied to  the h i g h  frequency transducer in the reference leg causes 
i t  to  reproduce the movement of the surface contained i n  the active 
One of the p a t h s  i s  a 
A d i rec t  analogy can be made between 
The h i g h  frequency loop is  a type zero system 
I t  i s  a zero type system because there i s  no 
The voltage that  i s  
leg of the interferometer. 
i s  d i rec t ly  proportional t o  i t s  applied voltage. 
appl ied voltage will be a voltage rep1 ica presentation of the 
surface movement. 
The transducer has a displacement which 
Therefore, the 
Two feedback loops are  required t o  accomplish both the 
s tabi l izat ion of the interferometer and the measurement function. 
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If the s t a b i l i z a t i o n  and measurement are incorporated i n t o  a s ing le  
loop, the amplitude o f  displacement t h a t  can be measured w i l l  be 
r e s t r i c t e d  i n  the fo l lowing manner. There i s  a maximum displacement 
(dmax) which may be obtained w i th  any transducer-ampli f ier com- 
binat ion.  
displacement i s  (* dmax) w i t h  the normal operating po in t  a t  zero 
displacement (do). The s t a b i l i z a t i o n  act ion corrects slowly 
changing var ia t ions which may not be o f  an a l t e r n a t i n g  nature, thus 
the operating p o i n t  i s  s h i f t e d  from do t o  d l .  With the occurrence 
o f  t h i s  s h i f t ,  the maximum peak value o f  measurable displacement i s  
now (dmax-dl). Thus, t o  maintain the c a p a b i l i t y  o f  measuring l a rge  
amplitudes o f  displacement, two p a r a l l e l  cont ro l  loops are necessary. 
I f  the amp l i f i e r  has a b i p o l a r  output the maximum 
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IV. EQUIPMENT, EXPERIMENTAL PROCEDURE A N D  RESULTS 
A. Introduction 
The experimental apparatus developed i n  t h i s  research was the 
culmination of work in which several areas of metrology were investi-  
gated by use of interferometric techniques. 
low frequency s tab i l iza t ion  control loop had previously been estab- 
lished by Horn (11) thereby permitting fu l l  impetus to  be placed on 
the design of a s tabi l izat ion system t o  sa t i s fy  stringent requirements. 
The fabrication of p i  ezoel ec t r i  c transducers , though s t i  11 rather 
The f eas ib i l i t y  of a 
crude, has provided a method of converting e lec t r ica l  energy i n t o  a 
mechanical di spl acement . 
be superior t o  other types i n  l inear i ty  and time response. The 
measuring system i s  the resu l t  of experimental and theoretical con- 
s i  derations for  1 i neari zation of the output of o p t i  cal interferometers . 
These types of transducers have proved to  
Figure 6 shows the experimental apparatus and equipment employed 
for the development of the measuring system. 
I n  the following sections the elements of the system will be 
presented individually. The design c r i t e r i a  and the methods used for 
accompl i shi ng these c r i t e r i a  w i  11 be discussed a1 ong w i t h  the pre- 
sentation of the characterist ics of the actual elements. 
B. Optical System 
The double beam Michelson type o f  interferometer provides the 
capability of reflecting the l i gh t  i n  the active leg from a wide 
variety of surfaces which may not be readily accessible. The 
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interferometer was not  covered t o  guard against a i r  currents o r  
ambient temperature changes and l i t t l e  consideration was given t o  
the d i f ference i n  the o p t i c a l  path lengths other than t o  avoid odd 
mul t ip les o f  l ase r  cav i t y  lengths. The l a s e r  cav i t y  length i s  
s l i g h t l y  over 27 cm producing a l ong i tud ina l  mode spacing o f  550 MHz. 
The length o f  the ac t i ve  l e g  of the interferometer i s  approximately 
10.5 cm and the reference l e g  i s  approximately 27 cm i n  length. The 
d i f ference i n  the path length o f  the two beams i s  approximately 
33 cm bu t  t h i s  was var ied somewhat as d i f f e r e n t  alignments and com- 
ponents were used i n  the system. 
the amp1 i tude o f  the detected signals a t t r i b u t a b l e  t o  path 1 ength 
var ia t ions as d i f f e r e n t  op t i ca l  arrangements were used. The angular 
alignment o f  the interferometer proved t o  be c r i t i c a l .  A s l i g h t l y  
skewed arrangement was used i n  order t o  prevent the r e f l e c t e d  beam 
o f  the interferometer from re-enter ing the laser .  The amplitude o f  
the detected signal  was sens i t i ve  t o  t h i s  angular deviat ion.  To 
a l e v i a t e  t h i s  condit ion, the l ase r  was placed approximately 70 cm 
from the beam s p l i t t e r ,  (see Figure 5)  and an aperture was attached 
t o  the f r o n t  o f  the laser.  An i r i s  1.6 mm i n  diameter was used f o r  
the l a s e r  beam e x i t  peak. The r e f l e c t e d  beams from both the re -  
ference l e g  and the ac t i ve  l e g  were posi t ioned such t h a t  the r e f l e c t e d  
beam resided close t o  but  no t  overlapping the i r i s .  This prevented 
r e f l e c t e d  l i g h t  from re-enter ing the l ase r  w i t h  a minimum reduct ion 
o f  s ignal  amplitude a t  the output detector. Since the amplitude o f  
the interference output s ignal  has a strong dependence on the angular 
No appreciable change was noted i n  
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alignment, each t ime the system was realigned, output s ignal  
r e c a l i b r a t i o n  was necessary. 
A 1 aser operational abnormality was observed during the "warm up" 
time which pers is ted f o r  a r e l a t i v e l y  long per iod o f  time (1-2 hours). 
The fr inges i n  the interferometer output s ignal  would appear t o  
change w i t h  t ime b u t  the r e l a t i v e  phase d i f ference always changed i n  
the same d i rec t i on .  The dc o r  low frequency s t a b i l i z a t i o n  loop would 
" lock" t o  pre-set amplitude o f  a given f r i n g e  and would contro l  a t  
t h i s  p o i n t  f o r  a few minutes and then the dc contro l  system would 
''jump" a f r inge,  cont ro l  a t  t h i s  p o i n t  f o r  a few minutes and ''jump" t o  
another f r inge.  This constantly changing o f  the phase a t  the detector 
cause the dc o r  low frequency contro l  loop t o  a r r i v e  a t  the l i m i t  o f  
i t s  dynamic range. 
of the i n te r fe romet r i c  output s ignal  would decrease t o  almost zero 
and then increase t o  i t s  o r i g i n a l  s ize.  
disappear a f t e r  an hour o r  so and the system becomes stable. 
t h i s  i n i t i a l  per iod the dc control  loop has maintained a constant dc 
bias l e v e l  f o r  as long as three hours wi thout  r e s e t t i n g  which would 
i ndi cate t h a t  the ove ra l l  interferometer sys tem i s  i nherently very 
stab1 e. 
A lso  dur ing the same per iod o f  time, the amplitude 
A l l  o f  these anomalous e f f e c t s  
A f t e r  
Previous in ter ferometry  work w i  t h  t h i  s p a r t i  cul  ar  1 aser exhib i ted 
s i m i l a r  problems o f  i n s t a b i l i t y .  The lase r  i s  a Model 132-01 manu- 
vactured by Spectra Physics Inc., Mountain View, Ca l i f o rn ia  and i s  no t  
recommended by the manufacturer f o r  in ter ferometry  appl i cat1 ons . 
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However, i t  has proved t o  be s a t i s f a c t o r y  a f t e r  the i n i t i a l  "warm up'' 
period. This model does n o t  u t i l i z e  Brewster windows f o r  p o l a r i z i n g  
the output beam b u t  i t  i s  equipped with the opt ional  po la r i za t i on  
attachment which consists o f  a row of magnets posit ioned along the 
tube. The r e s u l t a n t  magnetic f i e l d  causes Zeeman s p l i t t i n g  o f  the 
spectral  l i n e s  i n t o  t h e i r  polar ized components. 
Figure 7 shows a top view o f  the o p t i c a l  paths i n  the i n t e r -  
ferometer. 
from the beam s p l i t t e r  t o  the h igh frequency transducer, then i s  r e -  
f l e c t e d  t o  a f ixed morror and on t o  the dc o r  low frequency s t a b i l i -  
zat ion transducer. The r e t u r n  path t o  the beam s p l i t t e r  i s  the same. 
I n  t h i s  arrangement the h igh frequency transducer i s  doubly e f f e c t i v e  
i n  t h a t  a movement o f  the transducer causes twice the phase change 
i n  the in ter ference siganl  as compared t o  t h a t  o f  a conventional 
interferometer.  
I n  the reference o r  correct ing leg,  the l i g h t  beam t rave ls  
Each o p t i c a l  element i n  the interferometer i s  on an i nd i v idua l  
I n  general mount and posi t ioned as required f o r  o p t i c a l  alignment. 
t h i s  i s  poor "op t i ca l  technique" b u t  i n  t h i s  case i t  worked wel l  and 
provided f l e x i b i l i t y  i n  the o p t i c a l  arrangement. The foundation f o r  
the interferometer was provided by a two thousand poind grani te  
Herman Surface Plate. 
the surface i s  f l a t  t o  w i t h i n  f0.0008 in.  The surface p l a t e  i s  
suspended on four a i r  cushions a t  each corner w i t h  the resonant 
frequency o f  the assembly res id ing  between one t o  two hertz.  The 
surface mounts employed on the g ran i te  surface consis t  o f  f l a t  
It i s  approximately fou r  f e e t  by s i x  f e e t  and 
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aluminum plates possessing the necessary r a i l s  and groves t o  at tach 
standard o p t i c a l  bench mounts. 
mounts t o  improve s t a b i l i t y  and t h e i r  presence i s  noticeable i n  the 
photographs o f  the system. The low frequency transducer and the 
d r i v e r  transducer are placed on mounts which contain both hor izonta l  
and v e r t i c a l  micrometer adjustments. These mounts are used f o r  t h e i r  
ease i n  alignment o f  the interferometer even though they e x h i b i t  
resonant character is t ics  a t  a few thousand hertz.  
Lead blocks are placed on the surface 
The high frequency 
correct ion transducer can no t  be used with t h i s  type o f  mount because 
o f  the existance o f  these mechanical resonances. The l a t t e r  i s  
mounted on a t r i a n g u l a r l y  shaped block o f  s tee l  f o u r  inches th i ck .  
The frequency cha rac te r i s t i cs  o f  t h i s  mount and transducer are shown 
i n  Figure 8 when i t  i s  exc i ted by a sinusoidal voltage generator 
and the high voltage d r i v e r  ampl i f ier  w i t h  20 ki lohm r e s i s t o r  i n  
ser ies w i  t h  the transducer. 
The d r i v e r  transducer and the h igh frequency correct ion trans - 
ducer are soldered t o  one quarter i nch  t h i c k  s tee l  p la tes employing 
low temperature solder as described i n  the fo l l ow ing  section. 
p lates are then bo l ted  t o  t h e i r  respect ive mounts. 
transducer i s  mounted on a s tee l  p l a t e  by use o f  two sided adhesion 
tape. The differences i n  the mounting techniques are extreme b u t  
the resonances and the large increase i n  "g" forces t h a t  occur a t  
higher frequencies impose the mount requirements. 
The 
The low frequency 
Dr iver  transducers other  than the p iezoe lec t r i c  type have been 
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used. A small acoust ical  speaker with a r e f l e c t o r  mounted a t  i t s  
center i s  s a t i s f a c t o r y  f o r  many appl icat ions where a constant d r i ve  
amp1 i tude w i t h  varying frequency i s  no t  necessary. 
The o p t i c a l  components are standard i tems . The small r e f l e c t o r  
attached t o  the high frequency correct ion transducer i s  10 mm i n  
diameter by 2 mm t h i c k  gold p la ted glass p la te.  The gold f i l m  had 
been deposited on i t  by conventional evaporation techniques. The 
small s i ze  o f  the r e f l e c t o r  was necessary t o  minimize the mechanical 
load on the transducer. 
C. P i  ezoel e c t r i  c Cerami c Transducers 
Piezoelect r ic  cerarni c materi a1 was selected as the e l e c t r i c a l  
t o  mechanical transducer element f o r  a number o f  reasons. It has a 
1 i near mechani ca l  d i  sp l  acement w i  th  appl i e d  voltage and re1 a t i  ve ly  
wide frequency response range. 
from i ndi v i  dual elements t o  provide f 1 e x i  b i  1 i t y  i n  meeti ng v a r i  a t i  ons 
i n  design c r i  t e r i  a. These character is ti cs , coup1 ed w i t h  the requi re -  
ments o f  maintaining a small phase re la t i onsh ip  between the applied 
voltage and the r e s u l t i n g  mechanical displacement, d i c ta ted  the 
chosi ng o f  these devices above other e l  ectro-mechani ca l  o r  e lec t ro -  
magnetic devi ces f o r  the re1 a t i v e l  y small d i  sp l  acements required e 
Also compound devices can be formed 
The physical propert ies o f  piezoceramic mater ia l  i s  such t h a t  
careful considerations must be given t o  a la rge  number o f  parameters 
f o r  these devices t o  perform i n  a speci f ied manner. The mater ia l  
used i n  t h i s  work was a lead zirconate t i t a n a t e  polycrysta l ine 
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compound i n  a ceramic binder which had been subjected t o  a p o l a r i z i n g  
process, resuT t i n g  i n  the permanent a1 i gnment o f  the e l  e c t r i  c dipoles 
i n  the mater ia l .  The propert ies o f  mater ia ls  o f  t h i s  type are des- 
cr ibed by various c o e f f i c i e n t s  such as d i e l e c t r i c  constant, piezo- 
e l  e c t r i  c constant , and others. 
Since one o f  the primary object ives of t h i s  transducer was t o  
give as large a mechanical movement as possible, mater ia ls with a 
1 arge p ie toe l  e c t r i  c constant ( d33) were selected. The d33 constant 
has the u n i t s  o f  meters/vol t  and represents the amount o f  displace- 
ment i n  the Z d i r e c t i o n  when an e l e c t r i c  f i e l d  i s  appl ied i n  the 2 
d i rec t i on .  The magnitude o f  d33 i s  approximately 5.9 angstroms/volt 
f o r  the mater ia l  used. This value may become nonlinear i f  h igh 
e l e c t r i c  f i e l d s  are applied. 
The displacement i s  independent o f  the dimensions o f  the device 
as long as the recommended working e l e c t r i c  f i e l d  stress i s  no t  tt 
exceeded. This l i m i t a t i o n  i s  approximately EO00 v/cm and i s  the maximum 
e l e c t r i c  f i e l d  allowed between the electrodes. This magnitude o f  
e l e c t r i c  f i e l d  strength i s  a maximum value and probably should be 
approached no c lose r  than a f a c t o r  o f  four i n  actual pract ice.  
P iezoelect r ic  ceramic mater ia ls possess very large d i e l e c t r i c  
constants r e l a t i v e  t o  f r e e  space, consequently when these mater ia ls 
are used i n  a manner where the mater ia l  i s  placed between two plates 
o f  the resul  ti ng conf i  gu ra t i  on 
eni t e  1278 mater ia l  have an 
1 kHz. The capacitance i s  
which act  as electrodes, t he  capacitance 
i s  large. C lev i te  PZT 5H mater ia l  and G 
uncl amped d i e l e c t r i c  constant o f  3400 a t  
given by 
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where 
E = 8.85 x F/m 
0 
A = area i n  square meters 
T = thickness i n  meters 
E = 3400 
For the above materi  a1 , the capacitance o f  the r e s u l t i n g  conf igurat ion 
i s  given by: 
I f  a stack i s  formed from 'lnl' plates o r  discs o f  the same size,  then 
I f  "n" p la tes are mechanical and e l e c t r i c a l l y  connected such t h a t  
they are e l e c t r i c a l l y  i n  p a r a l l e l  but  mechanically i n  series, the 
t o t a l  al lowable voltage i s  determined by the th ines t  p l a t e  i n  the 
array but the mechanical displacement w i l l  be (5.9)n angstroms/vol t. 
The resonant frequency o f  the 5H mater ia l  i s  approximately 57.5 kHz/in 
or 1.46 MHz/m. The resonant frequency o f  a stack should be approxi- 
mately t h a t  o f  a s ing le  homogeneous element o f  the same dimension ( 8 ) .  
Several such stacks and arrays have been fabricated. One such 
stack i s  composed o f  7 discs 1.9 cm i n  diameter w i th  each d i sc  
possessing a thickness o f  0.0508 cm. Another i s  made o f  10 r i ngs  
-41- 
where each r i n g  i s  0.38 cm t h i c k  with an O.D. of 1.425 cm and an 
I.D. o f  0.95 cm inches. 
The 1.9 cm diameter stack dtsplays a measured capacitance o f  
0.097 VF using a capacitance meter. Also a capacitance value o f  
0.097 VF i s  obtained from the ha l f  voltage p o i n t  o f  an R-C voltage 
d i v ide r .  The calcu ated value o f  t h i s  array i s  0.095 pF. The 
calculated value o f  capacitance o f  the stack o f  r i ngs  i s  0.0075 pF. 
The measured value s 0.0066 pF. 
This ind icates t h a t  the stack o f  r i ngs  can be operated a t  a 
frequency approximately 14.7 times t h a t  o f  the 1.9 cm diameter stack 
w i t h  the same capaci t ive loading e f fec ts  on the e lect ron ic  d r i v e r .  
A t  1 ow frequencies p iezoe lec t r i c  ceramic mater ia ls e x h i b i t  
almost pure reactance but  a t  higher frequencies and higher voltage 
levels  the d i e l e c t r i c  losses i n  the mater ia l  must be taken i n t o  
account. This increase i n  the losses r e s u l t s  i n  a change i n  the 
character is t i c s  and an increase i n  the temperature o f  these materi  a1 s . 
The d i ss ipa t i on  fac to r ,  tan 6, i s  an expression o f  these losses and 
i s  tabulated f o r  most o f  the piezoceramic mater ia ls  over l i m i t e d  
ranges o r  a t  s p e c i f i c  condi tons (8, 17). 
A transducer may be ef f ic iency-1 imi ted temperature-use-1 imi ted 
o r  dynamic strength-1 imited. The transducers used i n  t h i s  experi- 
mental work i n  a l l  p r o b a b i l i t y  are temperature-use-1 imi ted since they 
are considered as operating i n  the h igh frequency continuous duty  
mode. There are i n t e r n a l  mechanical losses and d i e l e c t r i c  d i s s i -  
pat ion losses which con t r i bu te  t o  the temperature r i s e  i n  the device. 
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I n  general, if the d i e l e c t r i c  power d i ss ipa t i on  i s  l i m i t e d  t o  a 
reasonable value such as 0.5 watts/cm3 the maximum al lowable voltage 
t h a t  may be applied t o  the transducer can be determined from the 
d i e l e c t r i c  d i ss ipa t i on  equation which i s  given by Mason (14) t o  be: 
P = tan6 
where 
w = 218, f i n  hertz 
E = rms e l e c t r i c  f i e l d  i n  volts/meter 
E = d i e l e c t r i c  constant 
tan6 = d i ss ipa t i on  f a c t o r  ( d i e l e c t r i c  loss fac to r )  
P = watts/meter3 
I n  t h i s  expression the re la t i onsh ip  between the power d iss ipated 
and the voltage appl ied t o  an element may be used as an i n d i c a t i o n  
o f  the amount o f  mechanical displacement which i s  feasible.  
A t  h igh f i e l d  strengths there i s  a tendency o f  mater ia l  t o  
e x h i b i t  a "thermal runaway" cha rac te r i s t i c  s ince the temperature 
increases i n  the mater ia l  increases the losses i n  the mater ia l  thus 
one r e i n f o r c i n g  the other. 
Pub1 i shed speci f icat ions on the PZT-5H piezocerami c materi  a1 ( 17) 
ind icates t h a t  the loss tangent i s  0.04 when the rms f i e l d  strength 
appl ied t o  the transducer i s  0.3 Kv/cm a t  25Oc. 
I f  the appl ied e l e c t r i c  f i e l d  var ies a t  a frequency o f  lo4 hertz,  
the power dissipated i s  
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P = *E% tan 6 
= 2a104 E2 (3400) (8.85 x 
= 1.89 x 10-3 E2 tan 6. 
tan 6 
If  the values given above for  the PZT-5H material are substituted i n  
this equation then 
P = (1.89 x (9 x 108) (0.04) 
= 6.8 x 10'4 W/m3 
= 6.8 x W/cm3. 
I f  i t  i s  desirable to  determine the maximum f ie ld  strength for  
a power dissipation of 0.5 W/cm3, then assuming tan  6 = 0.1 
~2 = JL tan 6 
oe 
- 0.5 x lo6 
 I IT 104) (3400) (8.85 x 10-12) ( 0.1) 
E* = 2.65 x 109 
E = 5.15 x lo4 v/m 
= 515 v/cm 
Consider a stack of PZT-5H material consisting of 7 discs ,  each 
0.0508 cm thick, operating a t  lo4 Hz possessing a d ie lec t r ic  constant 
o f  3400. 
From the power dissipation equations above and for  the conditions 
assumed 
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P = wE2ctan 6 
=  IT 104 (3400) (8.85 x 10-12) (0.1) E2 
= 1.89 x 10-4 E2. 
L i m i t i n g  the power d i ss ipa t i on  t o  0.5 W/cm3 r e s u l t s  i n  E = 515 v/cm 
and since the pietoceramic devices are 0.0508 cm t h i c k  the maximum 
voltage t h a t  should be appl ied i s  V = 26.2 v o l t s .  The maximum voltage 
t h a t  should be appl ied t o  the stack o f  r ings,  assuming the same 
condit ions, i s  V = 195.7 vo l t s .  
These values are conservative and have been exceeded many times 
dur ing the course o f  the experimental work. A t  no t ime has any sub- 
s t a n t i a l  increase i n  temperature o f  the transducer being noted. The 
primary problem t h a t  occurred when operating a t  high f i e l d  strengths 
has been e l e c t r i c a l  "break down" on the outer surfaces, ( inner  
surfaces i n  the case of r i ngs )  caused by surface contamination. 
The stack of 10 r i n g s  has an inherent resonant frequency o f  
From experimental r e s u l t s  i t  i s  apparent t h a t  a resonance occurs a t  
approximately 13 kHz. When dr iven by an e l  ect ron ic  osci  11 a t o r  w i t h  
a r e s i s t o r  i n  ser ies w i t h  the p iezoe lec t r i c  stack, the amplitude o f  
the voltage across the transducer becomes very small. The stack 
appeared t o  e x h i b i t  no impedence a t  the ser ies resonant frequency. 
Afterwards c lose inspect ion establ ished t h a t  one o f  the piezo- 
e l e c t r i c  r i ngs  had cracked. This damage may have occurred i n  applying 
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normal d r i v i n g  vol tage leve ls  a t  the  resonant frequency o f  the  
p iezoe lec t r i c  stack. 
The stack which was used as the  h igh frequency cor rec t ion  
transducer dur ing t h i s  i nves t i ga t i on  consisted o f  a s i x  element stack 
of r i ngs  w i t h  the same radius as above. 
tance o f  0.0036 UF and a ca lcu lated value o f  0.0045 PF. The 
frequency amplitude p l o t  f o r  t h i s  s i x  element stack i s  shown i n  
Figure 8. 
It had a measured capaci- 
As d i f f e r e n t  mounting arrangements were t r i e d  f o r  the above 
transducer, i t  became evident t h a t  the conf igurat ion o f  the mount was 
extremely important, 
h ighest frequency o f  operation, could be obtained by mounting the 
transducer d i r e c t l y  on a la rge  mass bu t  care must be exercised t o  
insure t h a t  there are no r e f l e c t i o n s  o f  the  sound waves i n  the  mount 
returned t o  the transducer. Sat is fac to ry  operat ion was also demon- 
s t ra ted  by mounting the  transducer on a 0.25 inch  t h i c k  s tee l  p l a t e  
which was bo l ted  t o  a large mass w i t h  a t h i n  (0.002 i n )  shim 
one inch i n  diameter placed under the  center o f  the p l a t e  causing 
t h i s  p l a t e  t o  f l e x  s l i g h t l y  and d i ss ipa t i ng  the sound o r  mechanical 
v ib ra t iona l  energy a r r i v i n g  i n  the  p l a t e  from the  transducer. 
The methods employed f o r  the f a b r i c a t i o n  and mounting o f  
It was found t h a t  the best  resu l t s ,  i.e. 
p iezoe lec t r i c  ceramic stacks o f  the  type used i n  t h i s  work have 
evolved over a per iod o f  several years o f  t r i a l .  Problems s t i l l  
e x i s t  and unexpl a i  nab1 e resul  t s  occur occasional l y  . 
cat ion  employed a low temperature so lder  Inda l l oy  Type Number 1 
Ear ly  f a b r i  - 
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and Flux Number B manufactured by The Indium Corporation o f  
America, Inc., Utica, New York. Thin brass shims (0.002 i n  th i ck )  
were cu t  t o  the O.D. s i ze  o f  the elements, bu t  w i th  contacts extending 
beyond the outside o f  the stack. These were t inned w i th  the low 
temperature sol der, sandwiched between the ceramic elements and 
held i n  compression w i t h  a spr ing loaded j i g .  Care must be taken t o  
maintain the proper o r i en ta t i on  o f  p o l a r i t i e s  o f  each o f  the  ceramic 
elements. The stacks are then placed i n  a c a r e f u l l y  temperature 
contro l  l e d  oven and the temperature elevated above the me1 t i n g  po in t  
of the solder bu t  maintained we l l  below the Curie temperature o f  
the ceramic mater ia l .  Stacks made i n  t h i s  fashion have performed we l l  
a t  low frequencies. A t  times the solder does no t  f l o w  uni formly 
across the junc t ion  t o  form a continuous contact i n  the connecting 
region w i th  the shim stock. This may be the cause o f  some o f  the 
response abnormal i t 
a t  the present t ime 
the binding element 
shim notch. The sh 
es observed a t  higher frequencies. 
u t i l i z e s  a conductive s i l v e r  bearing epoxy as 
between the face o f  the ceramic element and the 
ms are prepared as before bu t  are uni formly 
Fabr icat ion 
covered w i th  the epoxy and sandwiched between the elements. Care not  
t o  contaminate the e x t e r i o r  surface o f  the stack by the epoxy i s  
c r i t i c a l  and such contamination i s  very hard t o  correct  a f t e r  i t  
occurs. Figure 9 i s  a diagram o f  a mu l t i p le  element stack where 
the elements are mechanically i n  ser ies and e l e c t r i c a l l y  i n  p a r a l l e l .  
A commerci a1 l y  avai 1 ab1 e transducer was obtained from 
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Gul ton Industries Inc., Metuchen, New Jersey. This transducer is 
composed of 24 r i n g  elements w i t h  an O.D. of 1.6 cm and an I.D. of 
0.8 cm. The height of the stack is approximately 1.4 cm. The 
measured capacitance was 0.18 uF. The frequency character is t ics  of 
the transducer when i t  is driven by two Philbrick Model P2A operational 
amplifiers i n  parallel  are  shown i n  f igure 10. A 510 ohm rehis tor  
was placed i n  se r ies  w i t h  the stack t o  ease the instantaneous load 
current requirement on the amplifier. The large value of capacitance 
prohibited the use of this device a t  h igh  frequencies b u t  i t  performed 
well as the low frequency correction transducer. If an electronic 
driver w i t h  suf f ic ien t  current capabi l i t ies  had been available the 
transducer w i t h  i ts  large capacitance may have been sui table  for use 
a t  higher frequencies. The l a t t e r  i s  shown along w i t h  the h i g h  
frequency correction transducer i n  Figure 11. 
D. Detectors and Preamp1 i f i ers 
The detectors used are  United Detector Technology PIN-1OD 
devices (21) i n  the photo-conductive, reverse biased mode o f  operation. 
Both the interferometer detector and the reference detector are 
connected as shown i n  Figure 12. The reverse bias  mode of operation 
was chosen for  the incr,eased responsivi t y  and frequency response. 
These a re  planar diffused s i l icon PIN devices with a peak spectral 
radiation response a t  approximately 9000 angstroms. The spectral 
response i s  down by about one t h i r d  a t  6328 angstroms and has a 
responsivity of about 0.2 microamperes per microwatt of l igh t .  The 
specifications (21) on these devices quote a l i gh t  intensi ty  response 
-. - 
1 i n e a r i t y  o f  be t te r  than 2 percent w i th  O.'! percent being t yp i ca l .  
check was made o f  t h i s  paraiwter by the use o f  the c i r c u i t  and l i g h t  
source zhown schematical ly i n  Figure 13. 
emi t t ing  diode was a Monsanto MVE 100. 
increases ":nearly w i t h  current  through the diode above the threshold 
Figure 14 displays the resu l t s  o f  the l i g h t  i n t e n s i t y  l i n e a r i t y  t e s t  
where the  u n i t s  on the  ord inate a re  r e l a t i v e  changes i n  i n tens i t y .  
A 
The s o l i d  s t a t e  l i g h t  
I t s  l i g h t  emission i n t e n s i t y  
A pre l iminary inspect ion o f  the frequency response o f  the 
detectors reveal t h a t  t h e i r  c a p a b i l i t y  was much greater than the 
system requirements. 
The detectors a re  housed i n  an opaque tubular  case w i t h  a 
3 mn diazreter i r i s  f o r  the l ase r  l i g h t  entrance. 
So l i d  s t a t e  photodetectors are used instead o f  photomul t ip l ie r  
tubes f o r  several reasons. The lase r  l i g h t  l e v e l  a r r i v i n g  a t  the 
detectnrs i s  r e l a t i v e l y  h igh so s e n s i t i v i t y  i s  no problem, the 
frequency response o f  the P I N  device i s  adequate, and high vol tage 
power supplies are n o t  necessary. 
E - ch rr. Voltage Dr iver  
The transducer t h a t  was employed f o r  h i  gh e'lurricy cor rec t ion  
A t  10 kHz t h i s  veyesents approxi- has a capacitance of 0.0036 p ~ .  
mately a 4.4 kohin mxictance and requires 22.7 ma rms o f  cur ren t  
per 100 v rms.  
approximately 34 angstroms/vol t s  and, when used i n  the -inte.-ferometer 
conf igurat ion prev ious ly  described, i t  had an e f f w t i v e  movement o f  
The mechanical displacement o f  the transducer i s  
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68 angs troms/vol t . 
response will be present i f  the driver amplifier does not have an 
o u t p u t  impedance t h a t  is low compared t o  the reactance of the 
el ec t r i  cal 1 oad . 
Phase 1 ag between driving vol tage and transducer 
Since the voltage limitation of this particular piezoelectric 
ceramic stack was less t h a n  500 vol ts ,  a solid s t a t e  amplifier u s i n g  
an emitter follower o u t p u t  could be designed t o  provide an extremely 
low o u t p u t  impedance and a frequency response greater t h a n  the desired 
measurement frequency range. Since an emitter follower stage has 
no voltage ga in  the driver stage immediately preceding i t  would also 
require a h igh  voltage t ransis tor .  Another character is t ic  o f  the 
emitter follower is t h a t  when i t  i s  in the conduction s t a t e  i t  will 
have an o u t p u t  impedance of approximately the source impedance divided 
by beta (current gain of the t ransis tor)  (12 ) .  Thus the o u t p u t  
impedance of the driver stage needs t o  be low also. 
If an emitter follower i s  driving a capacitive load, the 
frequency response will be a function of the s h u n t  resistance of the 
load and the resistance o f  the t rans is tor  looking back in to  the 
emitter when i t  i s  i n  i t s  nonconduction s t a t e .  
these values were large. 
on the capacitance of the transducer, during the time that  the 
t ransis tor  i s  driven into conduction, has no low impedance discharge 
pa th  during the nonconduction period. 
suff ic ient ly  small s ize  t o  meet frequency response requirements i s  
placed across the transducer capacitance the power requirements 
In this  application 
Consequently the charge t h a t  i s  bu i l t  up 
If a s h u n t  res is tor  of 
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become excessive w i t h  the h igh voltages necessary, 
A complementary emi t te r  fo l lower  arrangement, a lso known as a 
quasi - l inear  amp l i f i e r  ( 2 3 ) ,  was used t o  overcome these problems. 
This requires both an NPN and a PNP h igh vol tage t rans is to r .  The 
DTS 804 NPN type proved su i tab le  b u t  no comparable PNP was r e a d i l y  
avai 1 ab1 e commerci a1 l y  . Four SK 3053 t rans i s to rs  were arranged, as 
shown i n  Figure 15, so t h a t  the voltage would be evenly d i s t r i b u t e d  
among them. With t h i s  conf igurat ion low vol tage t rans is to rs  can be 
used i n  high voltage appl icat ions.  
The d r i v e r  t r a n s i s t o r  f o r  the output stage i s  a lso an emi t te r  
fo l lower  t o  insure low output impedance o f  the  ampl i f ie r .  The input  
stage i s  a modified Dar l ington conf igurat ion where a low vol tage 
t r a n s i s t o r  i s  used i n  conjunction w i t h  a h igh voltage one. This 
combination provides a high current  gain and a h igh  i npu t  impedance. 
The 406 ki lohm r e s i s t o r  (R2) between the output and the  i npu t  o f  the 
amp l i f i e r  provides feedback and along w i th  the 10 ki lohm input  
r e s i s t o r  sets the voltage gain a t  approximately 40. The b ias voltage 
establ ishes the quiescent operat ing po in t  o f  the  amp l i f i e r  t o  the 
midpoint  o f  i t s  vol tage swing capab i l i t y .  The amp l i f i e r  i s  tested by 
p lac ing a 0.1 llF capaci tor  on the output and observing the output 
vol tage as the  frequency i s  changed. A current  l i m i t i n g  
r e s i s t o r  (400 ohms) was added i n  ser ies w i t h  the  capaci tor  t o  reduce 
d i s t o r t i o n  a t  h igh d r i ve  voltage levels .  
It was found even though the capacitance o f  the  transducer 
was 0.0036 $, about t h i r t y  times less  than the capacitance used i n  
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t e s t i n g  the amp l i f i e r ,  a large value r e s i s t o r  had t o  be placed i n  
ser ies w i th  the transducer f o r  s tab le  operation. The resonances o f  
the p i  ezoel e c t r i  c h i  gh frequency transducer cause dras ti c 1 oad changes 
t o  the d r i v e r  amp l i f i e r .  The frequency response w i t h  a 20 ki lohm 
ser ies r e s i s t o r  i s  shown i n  Figure 8. To e l iminate the strong 
resonance a t  15  kHz a notch f i l t e r  a t  15 kHz replaced the 20 kilohm 
r e s i s t o r .  An addi t ional  tuneable notch f i l t e r  was used t o  suppress 
other higher frequency resonances. The r e s u l t i n g  frequency response 
curves f o r  the amplifier-transducer-fil t e r  combination are shown 
i n  Figure 16, The d i f f i c u l t i e s  w i t h  t h i s  approach involve phase 
s h i f t  considerations which must be met f o r  s tab le  closed loop 
operation o f  the t o t a l  system. 
F. Analog Simulation o f  the In ter ferometr ic  System 
An e lec t ron i c  analog simulat ion o f  the ove ra l l  system was per- 
formed i n  order t o  ascertain and demonstrate the v a l i d i t y  o f  the 
contro l  system design. Several such designs were t r i e d  before 
adopting the one t h a t  i s  described here. This type o f  s imulat ion i s  
an a i d  i n  determining where d i f f i c u l t i e s  may occur, especia l ly  i n  
problems o f  t h i s  type where the actual cont ro l  system becomes non- 
l i n e a r  i f  ce r ta in  system constraints are no t  met. Through t h i s  
technique i t  was establ ished t h a t  the system design must focus on 
the necessity t h a t  the e r r o r  s ignal  ( t he  d i f ference between the i npu t  
s ignal  and the signal  t h a t  i s  fed back) must remain small through- 
out  the required performance frequency range o f  the control  system. 
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The f a i l u r e  t o  meet the small e r r o r  requirement was i l l u s t r a t e d  when 
one o f  the ea r l y  simulated systems was designed t o  meet the c r i t e r i a  
that ,  i n  the measurement loop, the magnitude o f  the feedback signal  
(d2) was t o  be equal t o  the magnitude o f  the i npu t  s ignal  ( d l ) .  A 
system was designed t o  have a closed loop t r a n s f e r  funct ion t h a t  
provided a maximumally f l a t  (Butterworth) bandpass f i l t e r  response 
over the frequency range o f  200 he r t z  t o  l o 4  he r t z  i n  the closed loop. 
d Therefore, i n  the pass band o f  the measurement loop 3 = 1. I d l l  
The response frequencies l y i n g  below t h i s  band resided i n  the band o f  
the low frequency s t a b i l i z a t i o n  loop. A c i r c u i t  t h a t  would provide 
t h i s  response was fabr icated on an e lect ron ic  analog manifold. A t  the 
geometric mean frequency o f  the pass band, the e r r o r  was zero and 
t h i s  e r r o r  was observed t o  increase i n  amplitude as the s ignal  
frequency was changed t o  e i t h e r  s ide o f  the mean frequency. Further 
analysis, using non-sinusoidal i n p u t  s ignals , indicated the unaccept- 
a b i l i t y  o f  the closed loop Butterworth design. Increasing d i s t o r t i o n  
was noted i n  the feedback signal  (d2) as the dundamental frequency of 
an i npu t  square wave (dl) was swept from the upper l i m i t  o f  the pass- 
band t o  the lower l i m i t .  This d i s t o r t i o n  was the r e s u l t  o f  inadequate 
low frequency response o f  the high frequency loop. It was concluded 
t h a t  the high frequency loop would have t o  maintain a low frequency 
o r  possibly a dc response i n  order t o  insure adequate performance f o r  
the wide v a r i e t y  o f  waveforms t h a t  might be encountered. This 
indicated t h a t  both the low frequency loop and the high frequency loop 
should have a low pass frequency response overlapping a t  the lower 
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frequencies. Therefore, i t  became evident from the above r e s u l t s  
t h a t  the system design must take i n t o  account the i n t e r a c t i o n  o f  the 
two loops. 
I n  u n i t y  feedback systems o f  the type discussed here, the output 
i s  compared w i t h  the i npu t  i n  not  on ly  amplitude bu t  phase. 
mai ntenance o f  a small e r r o r  s i  gnal requi res the character i  s ti c 
phase s h i f t  o f  the system must remain minimal over the frequency band 
o f  i n te res t .  
Therefore, 
From the Bode p l o t  o f  a second order low pass f i l t e r  i t  i s  
wel l  known t h a t  the phase l a g  i s  r e l a t i v e l y  small over the lower 
frequency po r t i on  o f  the pass band. 
o f  t h i s  type i s  reduced, the phase l a g  i s  f u r t h e r  reduced i n  the h igh 
frequency po r t i on  o f  the passband wh i l e  the ampl i tude response exh ib i t s  
an increased resonant peak. 
phase and ampl i tude character is t ics .  
feedback system where there i s  an i n t e g r a t o r  w i t h  a gain o f  K and a 
simple l a g  w i t h  a gain o f  A and a pole a t  s = -a. The t rans fe r  
funct ions o f  the elements are 
I f  the damping f a c t o r  o f  a system 
A simple example can i l l u s t r a t e  these 
Consider a closed loop u n i t y  
- K  TI(d - -
S 
and 
The closed loop t rans fe r  funct ion becomes 
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Dorf (6) has t reated such a system. The c o e f f i c i e n t  KA can be shown 
t o  be the square o f  the natural  frequency (an) and the pole (a) i s  
twice the damping f a c t o r  ( a )  m u l t i p l i e d  by the natural  frequency. Thus 
i t  i s  e a s i l y  seen t h a t  i f  KA i s  increased by a f a c t o r  o f  four, the 
natural  frequency i s  doubled and the damping r a t i o  i s  halved. 
resonant peak 
The 
i s  always below the natural  frequency and i s  given 
by wr = an-. The damping can be changed by moving the pole 
a t  s = -a t o  s = -b. This w i l l  no t  a f f e c t  the natural  frequency o f  the 
system i f  the gain o f  TL(s )  i s  adjusted proper ly.  Therefore, an 
opt imizat ion process can be u t i l i z e d  which involves se lec t i ng  a s e t  o f  
coef f ic ients  t o  minimize the d i f ference between the feedback signal  
and the i npu t  s ignal  over a spec i f i ed  po r t i on  o f  the frequency pass 
band. 
process i s  more d i f f i c u l t  i n  a r r i v i n g  a t  the optimum s e t  o f  condit ions. 
The same process can be used f o r  higher order systems b u t  the 
As a means o f  u t i l i z i n g  the technique described above, a system 
was designed w i t h  a frequency bandwidth two t o  three times l a r g e r  than 
the required measurement frequency bandwidth w i t h  the addi t ional  
c a p a b i l i t y  o f  changing both the bandwidth and the damping fac to r .  To 
minimize the e f f e c t  o f  low frequency disturbances i n  the system, a 
second contro l  loop was placed i n  p a r a l l e l  wf th  the measurement loop. 
To insure e l iminat ion o f  the troublesome, ever present, dc o r  low 
frequency changes i n  an o p t i c a l  interferometer,  a r i s i n g  p r i m a r i l y  
from ambient temperature and v ib ra t i ona l  e f f e c t s  , pure i n teg ra t i on  
was incorporated i n  the  second contro l  loop. The steady s t a t e  e r r o r  
(dc e r r o r )  can be shown t o  be zero by use o f  the f i na l - va lue  theorem. 
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Referring t o  Figure 2 ,  l e t  H(s) = 1 and G(s) = K/s. This represents 
a unity feedback system w i t h  pure integration. 
for the closed loop system 
The t ransfer  function 
and the error signal is 
From the final value theorem, the steady s t a t e  error of the system i s  
E = lim E(t) 
ss t-w 
= liin s E(s). 
s+o 
Therefore, 
sR(s) . 
‘SS = lim 1. t G(s) 
s+o 
If the i n p u t  R ( s )  i s  a u n i t  s tep displacement then R(s) = l /s  
sll/s) 
E = lim + K/s 
s s  s+o 
= 0. 
Pure integration i n  the closed loop causes the steady s t a t e  error 
signal t o  be zero. 
The low frequency loop established the operating point for the 
measurement loop. If the operating point does not correspond t o  the 
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midpoint of the measuring range of the system, the amplitude of mea- 
surement will be limited. 
low frequency loop approaches an in f in i t e  value and the steady s t a t e  
error  i n  the low frequency correction control loop approaches zero, 
the measurement loop will have no dc response provided the l a t t e r ’ s  
dc gain is  s ignif icant ly  less than the gain o f  the low frequency loop. 
This permits a low pass network t o  be used f o r  the measurement loop 
and the -minimum er ror  conditions previously described can be estab- 
lished by adjustment of the bandwidth or h i g h  frequency cutoff and 
phase of the measurement control loop response. 
Since the dc gain of the integrator i n  the 
The general system equations can be established in the following 
Referring t o  the analog c i r cu i t  i n  Figure 17 and the general manner. 
block diagram of tha t  c i r cu i t  i n  Figure 18, i t  can be seen tha t  the 
system transfer  functions can be derived by absorption of the loops 
where: 
d3 E = d l  - d 2  - 
and 
The system transfer  functions are: 
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and 
d K K ~ G ~ ( s )  
= -1 + K1K5G3(s) + K1K2G2(s) 3 
which yields 
1 
E ( s )  = 1 + K1K5G3(s) + K1K2G2{s) a;- 
When 
K3 G2(3 = s+a A and G 3 ( s )  = s 
then 
d 2  SK1KZA 
= ,Z + (a + K1K3Kj t K1K2A)s t K1K3K5a 9 
dl 
d3 K1K3K5( s + a )  qs) = s2 t (a + K1K3K5 + K1K2A)s + K1K3K5a 9 
and 
E s(s  + a )  
1 
S ( S )  = si + (a  + K1K3K5 + K1K2A)s + K1K3K5-a * 
Component values of the control loops can be selected so t h a t  
the character is t ic  equation which  i s  the denominator o f  the system 
transfer function has two real roots t h a t  correspond t o  the upper and 
lower l imits of the desired frequency response o f  the measurement loop. 
The asymptoti c approximation of the magni tude-frequency curve 
for (3) i s  a 6db/octave r a t e  of rise, until the f i r s t  pole i s  d 
d l  
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reached. T h i s  type of frequency response is caused by the zero 
a t  the origin of the s plane. The response is f l a t ,  a f t e r  the f i r s t  
pole, u n t i l  the second pole is reached, then the response "rolls of f"  
a t  a 6db/octave rate .  T h i s  frequency is a conventional response 
bandpass type of response (10). 
d 
The magnitude-frequency curve for --&- is a low pass response 
1 
which starts "roll ing off" a t  6db/octave a t  the f i r s t  pole. When 
the frequency (u) becomes equal t o  'la", i .e. u = a ,  the response 
curve f la t tens  because of the zero. After the final pole i t  continues 
t o  "rol l  off".  
than the magnitude of the first pole the response will very nearly 
approximate a conventional low pass response. 
If the magnitude of the zero (s =-a) i s  much larger 
The magni tude-frequency curve for E/dl increases a t  a 6db/octave 
r a t e  u n t i l  the first pole, then the curve is constant u n t i l  u = a,  
a f t e r  which i t  r i ses  a t  6db/octave r a t e  u n t i l  the f ina l  pole is passed. 
The electronic analog c i rcu i t  t h a t  was used t o  produce the 
response curves described above i s  shown i n  Figure 17. 
amplifiers were Philbrick P85AU operational amplifiers. The component 
values used i n  the c i r cu i t  produced the following system constants. 
All of the 
K 1  = 5, 
Kp = ~1 (variable g a i n ) ,  
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G 3 ( s )  = 5 
S 
- 1.79 x 103 - 
S 
K5 = 20, 
and 
G ~ ( s )  = A s + a  
- 105 
s + 5 x 104 
When these values for  the components are used in the electronic 
analog c i r cu i t ,  the system equation became 
5 x 105,s 
s2 + 105(2.29 + 5a)s + 8.95 x lo9 
5 ( s )  = 
d l  S Z  + 105 (2.29 + + 8.95 109 
Jp = 
1.79 x 105 ( S  + 5 x 104) 
S ( S  + 5 x 104) 
s2 + lOS(2.29 + 5a)s + 8.95 x 109 
The variable gain "a" was adjusted to  cause the low frequency 
pole to be a t  100 hertz. The values of the remaining components were 
selected to  match as closely as possible the values and frequency 
characterist ics t h a t  would be encountered i n  the actual system. 
The amp1 i tude-frequency curve o f  the to ta l  simulated system i s  
I t  is normalized for  an i n p u t  (di) of 5 volts.  shown i n  Figure 19. 
The two curves of the two control loops closely follow the theoretical 
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asymptotic approximations. The frequency of f i r s t  pole i n  the 
character is t ic  equation i s  628 radians which corresponds’ t o  the 
3db points of both the h i g h  and low frequency loops. The uppe r  
cutoff frequency of the (d2/dl)-frequency curve i s  not plotted since 
i t  i s  beyond the frequency range o f  in te res t .  
Figure 20, defines the operating range of the system. 
from 200 hertz to 6000 hertz w i t h  3db points a t  100 hertz and 
The error curve, 
I t  i s  f l a t  
10,000 hertz. The error curve shows the actual value of the error 
i n  mil l ivol ts ,  when the input amplitude ( d $  lis 5 volts.  
deviation o f  the correction signal from the i n p u t  signal is approxi- 
The 
mately 0.7 percent i n  the mid-frequency range of the constant error 
region. 
The oscilloscope photographs i n  Figure 21 ( a )  through ( k )  show 
The top the system response to  several different  i n p u t  wave forms. 
oscilloscopic t race i s  the i n p u t  signal and the bottom trace i s  the 
response ( d  ) i n  the time domain. 
i s  well above the cutoff frequency of the low frequency control loop. 
The i n p u t  signal frequency ( d l )  2 
There is  a gain factor of f ive  between the i n p u t  d and the 
response d2.  
Figure 17. 
1 
T h i s  is shown in the c i r c u i t  diagram of the system, 
The photographs in Figure 2 1  g , h , i , k  are included to  show 
the system response to  almost aperiodic excitation. 
During the system evaluation, a dc bias voltage was applied to  
the i n p u t  o f  the summing amplifier. As expected, no measurable dc 
component was found i n  the d 2  response since the integration function 
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i n  the low frequency loop was designed to maintain a zero dc e r ror  
i n  the system. 
The performance of the simulated system indicated that  a 
comparable interferometric system could be fabricated w i t h  the feedback 
control signal representing the measuring parameter w i t h  the 
e lec t r ica l  s igna l  as a replica of the mechanical motion of the surface 
under study . 
G .  The Measuring System Control Elements 
The capability of the interferometric system to perform as a 
l inear  mechanical displacement measuring instrument is  dependent upon 
several factors.  The two feedback pa ths  must f u l f i l l  specif ic  
requirements for :  the maximum allowable magnitude of e r ror ,  the 
frequency response, and 1 ineari ty . 
an electr ical  signal t h a t  i s  an accurate reproduction of the i n p u t  
The measuring 1 oop rnus t a1 so develop 
mechanical motion under measurement. 
I t  was i n i  t i  a1 1 y bel i eved that  the 1 ow frequency s tabi 1 i zat i  on 
loop would allow the interferometer t o  be considered as a s tab le ,  
versati l e  detector o f  small h igh  frequency displacements. I n  the 
development of the system equation i t  was found t h a t  the low frequency 
loop characterist ics enter into the overall character is t ic  response 
equations o f ~ t h e  system and both loops must be considered i n  the 
sys tem design. 
The general system equations can again be found by absorbing the 
loops i n  Figure 5 i n  a manner analogous to  the operation performed 
i n  the previous Section F. The resulting t ransfer  functions are: 
and 
E 1 
d l  = 1 + K1K5G3(s) + K1K2G2(s) 
Equation 7 i s  the closed loop response of  the low frequency contro 
control loop while the h i g h  frequency loop i s  closed also. 
f e r  function (d3/dl) can also be found when ( d 2  = 0 )  or the h i g h  
frequency control loop i s  open. Special consideration i s  given to  
th i s  mode of operation since th i s  particular interferometer system 
can be used for  measuring mechanical displacement when the high 
frequency control loop i s  open or closed. 
that  i s  , the low frequency control loop must be closed for  the h i g h  
frequency control loop to  function properly. The l a t t e r  condition 
would n o t  always be true b u t  in this system the dynamic range of the 
high frequency voltage swing was limited and thus i t  would be 
necessary f o r  the electr ical  operating point of the high frequency 
correction transducer amplifier, G2(s) , t o  remain centered about a 
specific unique position to  insure syinetrical, nondistorted waveforms 
a t  the output of G2(s). 
The trans- 
The converse i s  not t rue ,  
If  the condition a r i ses  where a small amplitude h i g h  frequency 
mechanical vibration ( less  than 400 angstroms peak) i s  t o  be 
observed, i t  i s  not necessary t o  use the h i g h  frequency control loop 
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unless h i g h  accuracy i s  desired. 
the measurement o f  the amplitude direct ly  (e lectr ical  output of K1) 
and apply a correction factor tha t  i s  determined from the sin e = e 
approximation. 
by this approximation i s  given i n  Figure 22. 
"open loop" measurement method, suppose t h a t  the detected signal 
(output of K1) was 646 mv peak. T h i s  s igna l  would correspond to  
404 angstroms since the detection constant ( K  
1.6 mv/angstrom. 
10.3 percent error or the actual amplitude of vibration was 
446 angstroms peak. This ''open loop" method represents a special case 
and i s  n o t  t o  be confused with the method of operation o f  the actual 
meas ur emen t sys tem . 
The simplest method available is 
A curve representing the percent of error  introduced 
To i l l u s t r a t e  the 
i n  the equations) i s  1 
From Figure 22,  404 angstroms corresponds to  a 
I t  i s  d i f f i c u l t  to discuss the h i g h  frequency loop and the low 
frequency loop separately; however, each has certain individual 
character is t ics  which should be noted. 
1. The Low Frequency Control Loop Response w i t h  the High  Frequency 
Control Loop Open. 
Techniques by which an interferometer may be electronically 
s tabi l ized have been discussed previously in Section I11 and i n  the 
publications of Horn and Woollett (11, 25).  
from a Russian publication by Bezylenkp (1) discusses a control system 
very similar t o  the one developed by Woollett (25) .  
interference signal with respect to  a fixed voltage level ; therefore, 
intensity fluctuations of the source will be considered as a signal 
A recent translation 
I t  controls the 
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and the optical path length is  caused to change accordingly. If  the 
reference voltage level i s  derived from the laser  l i g h t  output 
intensity as was the case i n  the work by Horn ( l l ) ,  as i s  the case in 
th i s  s tudy ,  then intensity fluctuations will not cause the low 
frequency correction c i r cu i t  t o  change the length of the optical 
p a t h .  
control loop, the d c  error  will be zero. The voltage to  displacement 
transducer i s  the most c r i t i c a l  element of the low frequency control 
In addition, i f  pure integration is  used in the low frequency 
1 oop . 
Some of the early experimental work was performed using two 
piezoelectric ceramic discs 5 cm in diameter and 1 cm thick driven by 
a h i g h  voltage amplifier vacuum tube. 
ser i  es and el ec t r i  cal para1 1 el  woul d y i  el d approxi mate1 y 
8 angs tromslvol t niovenient. 
vacuum tube and a 5000 volt plate s u p p l y .  
The two discs in mechanical 
The anipl i f  i e r  u t i  1 i zed a 2C53 tr iode 
The frequency response was 
poor because of the large output resistance of the amplifier since 
the capacitance (0.004 )-r F )  of the transducer appears i n  para  le1 w 
w i t h  the amplifier output resistance. Two 2C53 vacuum tubes were 
operated i n  parallel  b u t  the decrease i n  output res is tant  was not 
suf f ic ien t  t o  cause the range o f  frequency response to  enlarge 
suff ic ient ly  so as t o  meet the system requirements. The frequency 
bandwidth requi red of the transducer and amp1 i f i  e r  arises from the 
t h  
integration function contain i n  the control loop. A root locus plot 
of a pole  a t  the origin (integrator] and one a t  s = -a will show the 
roots approaching each other a long  the negative real ax is  w i t h  the 
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breakaway point arising where they meet. 
loop is  increased further the imaginary parts of the roots,  which 
are now complex, increase. 
frequencies then the root loci will move towards the imaginary axis 
crossing into the unstable region o f  operation. 
poles o f  this type of second order system will always be less t h a n  
As the gain i n  the control 
If  there are other poles a t  higher 
The magnitude of the 
the magnitude of "a" u n t i l  the gain i s  increased suff ic ient ly  for  the 
system to  become under damped. 
amplifier assembly should have a frequency response well above the 
desired closed loop response. 
For th i s  reason, the transducer 
A commercial transducer was obtained from G u l  ton  Industries , Inc. ,  
icletuchen, New Jersey. 
mechanical displacement of 100 angstroms/volt. 
0.18 u F  and as a r e su l t  of t h i s  capacitance, i t  i s  d i f f i cu l t  t o  drive 
th i s  transducer t o  a large amplitude of mechanical displacement a t  
h igh  frequencies. 
th i s  device sui table  for  the low frequency control loop of this 
system where two Philbrick UPA2 operational amplifiers connected i n  
parallel , were capable o f  driving th i s  transducer over the low 
frequency response range. 
e l ec t r i c  ceramic stack w i t h  a 510 ohm res i s to r  i n  se r ies  is  shown 
i n  Figure 10. The r e s i s to r  is  necessary t o  i so l a t e  the capacitive 
load from the amplifiers. 
I t  has 24 r i n g  elements i n  the stack w i t h  a 
The capacitance is 
This large magnitude of displacement per vol t  made 
The  frequency response of the piezo- 
A schematic c i rcu i t  diagram of the dc or  low frequency control 
system is  shown i n  Figure 23 along w i t h  the h i g h  frequency or 
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measurement control system. The integrator used i n  this system was 
the same as tha t  used i n  the electronic analog simulated system. 
A reset  switch (no t  shown i n  Figure 23)  which e lec t r ica l ly  shorted the 
integrator was necessary since the signal out of the integrator 
was the i n p u t  signal to  the two UPA-2 amplifiers and the l a t t e r  
would tend to  remain a t  the i r  amplitude response limit when over 
driven i n  e i ther  direction. 
The  i n p u t  signal t o  the integrator comes direct ly  from the 
difference amplifier which compares the dqtected interferometer 
l igh t  signal to the reference voltage level signal.  The signal from 
the interferometer i s  detected and amplified by a factor of ten 
prior t o  the difference amplifier. 
obtained by detecting the l i g h t  ex i t ing  from the opposite end of 
the plasma tube of the laser ,  is  amplified by a variable gain 
amplifier. 
Mountain View, California, laser had to be removed t o  gain access 
to  this beam). 
o u t p u t  signal of the difference amplifier, when observed on an 
osci 1 1 oscope, wi 11 produce deflections of equal magnitude b u t  
opposite polarity when ei ther  the interferometer l i gh t  beam or the 
reference l i g h t  beam are  interrupted. An adjustable dc bias voltage 
has been introduced i n t o  the input of the difference amplifier t o  
permit adjustment of the operating point of the interference signal 
t o  point A i n  Figure 1. 
stringent requirements t ha t  would be placed on the adjustment of the 
The reference signal,  which i s  
(The handle on the Model 132,  Spectra Physics Inc., 
The gain i n  the amplifier i s  adjusted until the 
This f ine  adjustment aleviates the 
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reference and the interferometer 1 i g h t  beams' level of intensity.  
With  the arrangement so described, extremely good s t a b i l i t y  has 
been observed both from a long term and from a noise-vibrational 
standpoint. 
discussed i n  Section IVB, the control loop has maintained s table  
operation for  several hours without the necessity of resett ing the 
integrator. Vibrational disturbances have been in i t ia ted  to  t e s t  
the capability of the system. 
After the i n i t i a l  warm-up time for  the laser  t ha t  was 
With both the low and h i g h  frequency 
control loop open a 5 kHz s igna l  of approximately 200 anqstroms peak 
movement was supplied by the driver transducer. 
signal was detected and displayed on an oscilloscope. 
table ,  which was mounted on four a i r  f ee t ,  was touched the in te r -  
ferometer detected signal was disturbed. After the low frequency 
control loop was closed the one ton granite table  could be rocked 
violently w i t h  no noticable disturbance of the signal.  
signal t h a t  was being applied to  the low frequency transducer 
correction indicated that  i t  was correcting for  approximately a 
20,000 angstroms disturbance a t  the frequency corresponding t o  the 
movement of the table.  
The interference 
I f  the granite 
T h e  correcting 
The response of the low frequency and the h i g h  frequency control 
loops are interelated as was demonstrated i n  the simulated system 
case. I f  the h i g h  frequency control loop i s  open the system can be 
considered as a unity feedback system where the frequency dependent 
elements are: the integrator w i t h  the t ransfer  function (Ti ( s )  = Kg/$ 
where K3 = 1.79 x lo3; the transducer w i t h  the t ransfer  function Tt 
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i s  given by 
and a l a g  compensator w i t h  a transfer function of the form 
The compensator was needed t o  establish the desired bandwidth of the 
low frequency loop and i t  a lso plays an integral part in determining 
the frequency character is t ics  of the total  system. The pole which 
occurs i n  the transducer transfer function a t  1.089 x lo4 rad/sec 
ar ises  from the capacitance of the transducer and the 510 ohm res i s tor  
i n  ser ies  with the transducer. T h i s  value has also been verified 
experimentally. 
d 
The transfer function for from Equation ( 7 )  when d 2  = 0 
1 
i s  given by 
8"' 1 = 1 + K ~ K ~ G ~ ( s )  K1K5G3 ( s 1 
where: 
K1 is the interferometric signal i n  millivol ts/angstroms 
= 1.6 millivolts/angstrom 
and Kg which i s  100 angstrom/volt i s  absorbed into the transducer 
transfer function Tt .  
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and from Equations (7)  w i t h  d 2  = 0 ,  then 
%(s) = (1.6~10-3) (3.899~1013) 
d l  s(s+103) (s+1.O89x1O4) + (1.6~10-3) (3.89~1013) 
6.24 x l o l o  - (10) - 
s3 + (1.189~104) s2 + ( 1 . 0 8 9 ~ 1 0 ~ )  s + 6.24 x 1010 
The three roots of the character is t ic  equation are: 
s = -238 1 j 2324 
= -1.14 x lo4 radians/second. 
The damping factor  for  the pair o f  dominant complex poles may 
be determined from the angle between the real axis and a vector t ha t  
originates a t  the origin and terminates i n  one o f  the poles. The 
angle Y = tanm1 2324 = 83O 54'. The damping factor 
6 = COSY = cos 83O 54' = 0.106. The magnitude o f  the resonant peak 
i s  g iven  by Mpn = (26-)-1 = 4.77. The comparison of these 
values wi'th experimentally verified amp1 i tude-frequency response 
2 38 
character is t ic  of the low frequency control loop transfer function 
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Figure 24 indicates tha t  the theoretical and experimental resul ts  are  
i n  very close agreement. 
2.  The Low Frequency Control Loop Response w i t h  the High Frequency 
Control Loop Closed 
When the high frequency control loop i s  closed, the character- 
i s t i c s  of the low frequency control loop are changed such tha t  the 
response shown i n  Figure 25 i s  obtained. 
point) i s  decreased from approximately 460 her tz  t o  20 hertz  and i t  t t  
i s  no longer under damped. 
equations where the interaction between the two loops i s  evident. 
From Figures 5 or  18 and Equation (7 )  the low frequency t ransfer  
The bandwidth (3db ro l l  off  
This can be seen from the system 
function w i t h  d2 = 0 i s ,  
and when d 2  f 0 ,  
d K1K5G3 (S 3 ( s )  = 
d l  1 + K1K5G3(s) + KlK2G2(s) (7) 
The character is t ic  equation is  modified by the terms K1K2G2(s). 
In the actual system the h igh  frequency transducer and amplifier has 
the amplitude-frequency response character is t ic  shown i n  Figure 7. 
The strong resonant peak a t  1.42 kHz could not be tolerated so a 
passive t w i n - T  notch f i l t e r  was included to  eliminate th i s  peak. The 
t o t a l  response of the transducer, notch f i l t e r ,  and amplifier i s  shown 
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by curve B i n  Figure 16. 
second or third order curve. This  i s  typical of the e f fec t  of a 
notch f i l t e r .  
response G ~ ( s )  is given by: 
The slope o f  the "rol l  off"  is  not a f i r s t  
For mathematical simplicity i t  may be assprned t h a t  the 
where 6.28 x lo3 was obtained from curve B of Figure 16 assuming t h a t  
the ro l l  off of this curve approximates a second order function. 
The h i g h  frequency transducer response constant K2 i s  68 angstroms/vol t 
and the transducer amplifier gain is 40a where a i s  variable. 
T h u s  from Equation (I), one obtains the following: 
9 ( s )  = 
d l  
6.24 x 10" ( s + 6 . 2 8 ~ 1 0 ~ ) ~  
s5+2.45~104s4+(1.1a+0.199) 109s3+1. 31x10~3as2t1. 2X10~6,,+2.45~10~8 . 
When CL has a value of 2.4, then: 
- d3(s)  = 
d l  s5t2 .45x104s4+2.84x109s3+3. 1 4 ~ 1 0 ~ ~ s ~ + 2  . 8 8 ~ 1 0 ~ ~ ~ + 2 . 4 5 ~ 1 0 ~ ~  
6.24 x 10" ( s + 6 . 2 8 ~ 1 0 ~ ) ~  
(11) 
The f ive roots of the characterist ic equation are  
s = -94.7 
= -902 
= -1.07 104 
= -6.39 x lo3 f j 5.13 x lo4 radianslsecond. 
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The asymptotic approximation for the low frequency s tabi l izat ion 
loop t ransfer  function i s  shown i n  Figure 26. 
When Figure 25 i s  compared t o  Figure 23 i t  i s  evident tha t  the 
response of the low frequency control system i s  to ta l ly  different  
when the high frequency control loop is open or when i t  i s  closed. 
Thus the d i f f icu l ty  of the system design i s  increased. 
conditions three sets of parameters must be considered, the low 
frequency control loop response when the h igh  frequency control loop 
i s  open or closed and the response of the high frequency control loop. 
Under these 
3 .  The High Frequency Control Loop Response 
The high frequency control loop or measuring loop i s  the heart 
of the system. 
a s tab le ,  versa t i le  detector for  small h i g h  frequency mechanical 
displacement. The high frequency loop performs the measurement 
function. The electr ical  signal tha t  i s  a p p l i e d  t o  the high 
frequency transducer i s  a reproduction of the displacement tha t  i s  
being observed and i s  the measurement parameter. - The  amplitude of 
this e lec t r ica l  signal can be converted t o  the actual mechanical 
displacement of the surface under measurement by multiplying the 
value of th i s  signal i n  volts by the transducer constant which i s  
i n  this system 68 angstroms/volt assuming zero error.  
The interferometer and the low frequency loop provide 
In the actual system, the only frequency dependent element used 
in the h i g h  frequency loop is  the transducer and the notch f i l t e r  t o  
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remove the mechanical resonant response peak of the transducer. The  
transducer, h i g h  voltage amplifier and notch f i l t e r  have been 
described previously and the composite characterist ics are shown by 
curve B of Figure 16 .  From the experimentally determined frequency 
characterist ics of Figure 1 6 ,  i t  i s  assumed tha t  the transfer function 
can be represented by a second order function. T h a t  i s  
This appears to  be a good assumption since additional experimental 
data have proved to  be i n  close agreement w i t h  the values calculated 
using this assumption. 
Referring again to  Figures 5 or  18 and Equation (8) the closed 
loop t ransfer  function - i s  d2 given by 
d l  
1.1x109s (s1~3) ( s + l .  089~104) (12)  d 
d l  $2 .45x104s4+2.84x109s~+3. 14x1013s2+2.88x1016s+2.45x1018 
2 ( s )  = 
The f ive  roots of the character is t ic  equation are  the same as i n  the 
low frequency case b u t  the zeros have changed and the response has 
a band pass frequency character is t ic .  The asymptotic approximation 
curve in Figure27 shows the band pass response. T h i s  curve can be 
compared w i t h  the actual experimental curve i n  Figure 25 . 
maximum frequency a t  which experimental d a t a  could be obtained for  
this particular system was 2400hertz therefore, the h i g h  frequency 
"rol l  off" of the h i g h  frequency control loop was not observed. 
The 
Figure 28 i s  the experimental 
the system error  signal where 
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y observed amp1 
as Figure 29 i s  
tude-frequency plot of 
the asymptotic 
approximation error  curve tha t  was derived from mathematical con- 
siderations.  Both  of these curves indicate that  the error  signal 
begins to  r i s e  a t  a 12db/octave r a t e  a t  approximately 1000 hertz. 
When the frequency reaches 2400 her tz  the error  has a magnitude o f  
800 angstroms. 
t h a t  occurs a t  1000 hertz i n  the error  transfer function. 
general expression fo r  the error  i s  the i n p u t  function reduced by 
one over the character is t ic  equation as seen previously i n  
Equation ( 9 ) .  
The  reason fo r  the raDid increase i s  the double zero 
The  
the t ransfer  function ( E / d l )  becomes upon substi tution of the values 
for system parameters: 
--- E - s ( s+103) ( s t l  .O89x1O4) (s+6.28x103) . (13) 
d l  - ss+2.45x104s42 .84xlOgs3s. 1 4 x 1 0 ~ ~ s 2 + 2 . 8 8 x 1 0 ~ 6 s t Z . 4 5 x 1 0 ~ 8  
Except for  the zeros that  are due to  the high frequency transducer 
characterist ics a t  6.28 x lo3  radians or lo3  hertz,  there i s  good 
cancellation of the poles and zeros, as shown i n  Figure 
frequency response of the h i g h  frequency transducer could be 
broadened, the system error  response should be improved by a similar 
. If the 
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amount. 
The amplitude-frequency curve d Z / d l  shown i n  Figure and the 
error  response curve shown in Figure 28 were obtained when the system 
was excited by a variable frequency sinusoidal displacement of 
2300 angstroms peak t o  peak amplitude. 
( d l  - d2)  exhibits a 3 dB bandwidth t h a t  extends from 17.5 hertz 
to 650 hertz. 
The system error  function 
The magnitude of the error  i n  the f l a t  portion of the 
error response curve i s  37.5 angstroms. By comparing this  maqnitude 
of error  w i t h  the magnitude of the i n p u t  excitation of 2300 angstroms, 
a correction factor of 24 i s  obtained. Another method of establishing 
this  correction factor  is  through the difference in the magnitude of 
the displacement of the correction transducer and the magnitude 
o f  the displacement of the i n p u t  (2300 angstroms) which resul ts  in 
the error  (37.5 angstroms). 
this  particular system i s  1.6 percent and t h a t  this character is t ic  
These values imply t h a t  the accuracy of 
can be improved by increasing the gain within the system. I t  i s  
true t h a t  the error  will be 1 /24  of the i n p u t  signal (d l )  and the 
correction displacement (d2) will d i f f e r  from dl  by this amount, b u t  
th i s  i s  a constant factor and the output measurement parameter 
(the voltage applied to  the high frequency correction transducer) 
may be corrected for this  factor.  The corrected output voltage 
should be very close t o  an electr ical  reproduction o f  the i n p u t  
displacement. 
the smaller the correction factor t h a t  i s  required. 
of the system accuracy when viewed from th i s  standpoint will be 
The larger the magnitude of the gain i n  the system, 
The l imitations 
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the electr ical  noise w i t h i n  the system and the l inear i ty  o f  the 
sys tem. 
The noise level t h a t  was present i n  the error  signal a t  the 
output o f  the photodetector and ampl i f i e r  ( K1) was approximately 
5 mv and appeared to  be of a "white noise" nature. 
noise corresponds t o  s l igh t ly  more t h a n  the amplitude that  a 
3 angstrom displacement i n p u t  signal would cause. 
This level o f  
The l inear i ty  of the system i s  n o t  well established b u t  the 
major contribution t o  a nonlinear relationship between the i n p u t  
displacement dl  and the correction displacement d2 i s  the approximation 
t h a t  i s  made concerning the l inear i ty  o f  the interference phenomena. 
This approximation i s  the sin e = e relationship which was discussed 
previously. The variation o f  this approximation from the assumed 
l inear  relationship i s  shown i n  Figure 22. 
system measurement accuracy depends on the ampl i tude of the 
error ( d l  - d2) tha t  i s  present for  a specific i n p u t  amplitude d l .  
Since th i s  approximation i s  a well known relationship,  correction 
may be applied t o  the output voltage of the system to  compensate fo r  
th i s  nonlinearity i n  the system. 
The degradation i n  the 
If  the two correction factors discussed above are applied to  the 
output voltage ( the vol tage applied to  the h i g h  frequency transducer) 
a very good representation of the i n p u t  displacement s i g n a l  may be 
obtained. 
H. Stabi l i ty  Considerations 
This system i s  rather unique i n  that  e i ther  a positive or 
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negative error  signal can be obtained because o f  the nature o f  the 
interference effect .  A control loop may be closed about the 
interferometer w i t h  any number of phase inversions. 
pattern will merely change until i t  provides the correct polarity 
s igna l  for  s table  operation providing the system meets other s t a b i l i t y  
c r i t e r i a .  
the same number of phase i nversi ons . The piezoelectric transducers 
may also provide a phase inversion since they are  polarized b u t  may 
be connected i n  e i ther  polarity. 
The interferencce 
When two loops are closed about the system, they must have 
The system s t a b i l i t y  can be investigated by several methods. One 
observation that  can be made from the roots o f  the system character- 
i s t i c  equation that  was given in Section G i s  t h a t  the magnitude 
and position of the poles would lead one t o  believe t h a t  the system 
i s  quite s table .  The Routh-Hurwitz c r i t e r i a  also indicates t h a t  
the system is  s table .  
Several s e t s  o f  roots of the character is t ic  equation were found 
( w i t h  the use of a digi ta l  computer) when values of a other than 
2.4 were substituted into the equation. 
from 2.0 to  2.6.  The locations of the roots i n  the complex s plane 
were noted and a rather limited root loci was established from these 
values. There was no indication of any immediate s t ab i l i t y  
problem i n  the system. 
These values o f  a ranged 
The system does become unstable a t  any frequency t h a t  l i e s  i n  
the measurement bandwidth i f  the amplitude of the input displacement 
is  large enough to  exceed the l inear  operating range of the system. 
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The amplitude o f  this displacement d l  i s  approximately given by 
dl  = (correction factor  (24) o f  the system) ( n / 4 ) .  
Under these conditions the error  signal voltage a t  the output 
o f  the photodetector and amplifier K1 will contain harmonics of the 
input displacement frequency as described i n  Section I 1 1  and the 
system can no longer be considered as a l inear  system. 
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V. DISCUSSION OF RESULTS 
The development of a measuring system and a measurement ,echnique 
for the observation and study of small mechanical displacements has 
been presented in the previous sections. 
consists of three major par ts ,  the interferometer, the low frequency 
s t a b i l i z a t i o n  loop, and the h i g h  frequency correction and measuring 
loop. Each of these major parts has been described and the 
character is t ics  of the elements which make up the parts have been 
discussed. 
mental resul ts  a brief review o f  the system operation may prove 
benefi ci a1 . 
The measuring system 
In order t o  f a c i l i t a t e  the presentation o f  the experi- 
The Michelson interferometer i s  s tabi l ized for  ambient 
disturbances such as temperature variations and building vibrations 
by use of a low frequency feed-back control system which incorporates 
the interferometer into the feed-back loop. 
low frequency control loop are;  a photodetector and amplifier which 
converts the intensi ty  variations caused by a p a t h  length change 
of the interferometer into an electr ical  s ignal ,  an electronic 
integrator,  a piezoceramic voltage t o  displacement transducer which 
provides a p a t h  length change (d3) i n  the reference leg of the 
interferometer, and the amplifiers which drive the transducer. 
amp1 itude and frequency character is t ics  of the displacement (d3) are 
caused by the above mentioned elements which have the following 
t ransfer  functions: 
The elements of the 
The 
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the photodetector 
K1 = 1.6 x 10-3 volts/angstrom, 
the integrator 
TI(s) = (dimensionless), 
S 
the transducer 
angstroms/volt, 
1.089 x 103) (102) 
TT(S)  = ' s + 1.089 x 103 
where the factor (10') in the transducer transfer function is the 
number of angstroms the transducer will expand or  contract fo r  each 
volt  applied t o  i t ,  the amplifier 
TA(s)  = -3 2 x 104 (dimensionless) , 
s + 10 
which incorporates a lag compensation network w i t h  a pole a t  
lo3 radians/second or 159.2 hertz along w i t h  an amplification of 20. 
When the low frequency s tabi l izat ion loop i s  closed w i t h  these 
elements in the loop, the transfer function i s  given as 
6.24 x 1O1O * (10) 
d 
d l  
- 4 s )  = 
s3 + 1.189 x lo4$ + 1.089 x 107s + 6.24 x 1010- 
The roots of t h i s  character is t ic  equation a re  
s = -238 f j 2324, 
and 
-1.14 x lo4 radianslsecond. 
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The damping factor  i s  0.102 and the 3 dB frequency bandwidth i s  
460 hertz. 
character is t ic  of t h i s  transfer function is  shown in Figure 24. 
There i s  close agreement between the experimental values of the 
damping factor and the amplitude of the resonant peak found i n  
Figure 2 4 ,  with the calculated values discussed i n  Section IVG1. 
The actual performance of the s tabi l izat ion control system has been 
very sat isfactory i n  t h a t  i t  has provided a s table  nterferometer 
system which has been the basis fo r  interferometric work a t  high 
frequencies. 
The experimentally determined arnplitude-frequency 
As discussed previously i n  Sections IVF and IVG the 
incorporation of the h i g h  frequency measurement loop into the 
interferometric system causes a large change t o  occur i n  the 
performance of the low frequency s tab i l iza t ion  loop. 
may readily be seen by comparing the t ransfer  function d3/d1 
found i n  Equation (10) and the d3/d1 t ransfer  function found i n  
Equation (11). 
low frequency s tab i l iza t ion  loop when the h i g h  frequency measurement 
loop is  closed. 
correspond t o  these two functions are  found i n  Figure24 and 
Figure 2 5 ,  curve A. 
This change 
The l a t t e r  equation represents the response of the 
The amp1 itude-frequency response curves which 
I t  i s  seen from curve A ,  Figure 25 tha t  the low frequency 
response, w i t h  the measurement loop closed, has a decreased bandwidth 
and is  over damped. . The reason fo r  th i s  change i n  the response i s  
t h a t  the poles and zeros of the low frequency loop and the h i g h  
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frequency loop are not independent b u t  will combine t o  give a more 
complex system transfer  function t h a n  would be obtained i f  the two 
loops were independent of each other. 
A more complete analysis of the d3/dl t ransfer  function given i n  
Equation (11) may be performed through the use of the "so called" 
asymptotic approximation curves. T h i s  curve i s  presented i n  
Figure 26 . 
zeros of the t ransfer  function on a Bode plot.  
from l e f t  to  r i g h t  (increasing frequency) the amplitudes of  the 
indiv dual poles and zeros are summed to  give a composite response 
curve 
shape of  the response of the actual system curve for the low 
frequency s tabi l izat ion loop given i n  Figure25. 
bandwidth of the low frequency loop i s  approximately 20 hertz. 
lowest usable frequency i n  the measurement band i s  usually limited 
t o  t h i s  value. Since below 20hertz the low frequency control loop 
is  dominant and the corrective action i s  performed primarily by the 
low frequency control loop. There i s  a region about the crossover 
p o i n t  a t  20 hertz i n  which both 'control loops are functioning w i t h  
approximately equal effect .  Mechanical d i  spl acement measurements 
normally u t i l i ze  the h i g h  frequency control loop and ; therefore, 
the low frequency l imit  of the measurement range should  l i e  above 
this crossover frequency. 
I t  i s  constructed by displaying the individual poles and 
Then as one moves 
The shape of t h i s  composite response i s  very close to  the 
The 3 dB 
The 
A similar analysis i s  performed on the h i g h  frequency measurement 
loop i n  Figure 27which i s  the asymptotic approximation curve derived 
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iven i n  Equation ( 1 2 ) .  The from the transfer function - 
composite response curve exhibits a bandpass character is t ic  w i t h  
h i g h  frequency 3 dB point a t  approximately lo4 hertz. The exper 
amplitude-frequency curve (curve B i n  Figure 25)  does not extend 
beyond 2400 hertz. This limitation i n  frequency range i s  caused 
the r a p i d  increase i n  the system error  as shown i n  the experimen 
d2  
d l  
the 
mental 
bY 
a1 
data of Figure 28 and the asymptotic curves of Figure 29. In th i s  
system, when the magnitude of the error  (" = d l  - d2 - d3) becomes 
large (500 - 800 angstroms) the performance of the system becomes 
nonlinear and conventional l inear  analysis techniques f a i l .  Therefore, 
the system frequency limitations are  s e t  by the magnitude o f  the 
error.  In  Figure 29 or  from Equation (13) i t  can be seen that  the 
error begins to  increase a t  approximately l o 3  hertz because of the 
double zero a t  this frequency. This double zero ar ises  from the 
frequency response character is t ics  of the h i g h  frequency measurement 
loop transducer-filter-amp1 i f i e r  t ransfer  function which i s  des- 
cribed in Section IVG 3 and Section IVC where i t  i s  expressed as 
The double pole a t  lo3 hertz or 6.28 x lo3 radians/second i s  
caused by the notch f i l t e r  which i s  i n  the system to attenuate the 
resonant peak i n  the amplitude response of the piezoceramic 
transducer. When th i s  t ransfer  function i s  combined in the closed 
loop system, the poles of t h i s  function become zeros of the system 
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error t ransfer  function thereby causing the d i f f i cu l t i e s  previously 
des cr i  bed. 
The most obvious improvement t h a t  could be made in the system 
would be accomplished by improving the frequency response 
characterist ics of the high frequency measurement loop. 
ment could be effected by using a transducer with a bet ter  frequency 
T h i s  improve- 
response. 
transducer i f  an active high-Q notch f i l t e r  were to  replace the 
Some improvement also could be obtained w i t h  the existing 
passive notch f i l t e r  t h a t  i s  i n  the present system. 
If  the s t a b i l i t y  of the system should become a problem when an 
increase in bandwidth i s  achieved, i t  may be possible to  eliminate 
the lag compensator i n  the low frequency loop thereby decreasing the 
characteri s ti  c equation to  a fourth order. Under t h i  s condi tion 
d d 
both  t ransfer  functions (2)and (a) will describe net second 
d l  d l  
order sys tenis. 
The error in the f l a t  response portion of the measurement 
frequency range i s  37.5 angstroms. The i n p u t  siqnal of mechanical 
.displacement t o  the system i s  a 2300 angstrom peak to  peak s ine wave , 
the high frequency transducer undergoes a similar magnitude of 
movement t o  within 37.5 angstroms o r  1.6 percent of the input 
displacement. The correction factor  for these conditions i s  61.3 
I n  the electronic analog simulation system the input signal was 
reduced by a factor o f  147. T h i s  reduction i s  equivalent t o  the 
correction transducer movement being within 0.7 percent of the i n p u t  
displacement. The actual system error  characterist ics 
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are not as good as those of the simulated system because of the 
frequency l imitations of the high frequency voltage to  displacement 
transducer and the relat ively large electr ical  reactance associated 
w i t h  i t .  
w i t h  the theoretically predicted character is t ics  of the response 
of the system. 
The actual system characterist ics do indeed agree very well 
The oscilloscopic presentation photographs i n  Figures 30 and 31 
show the system response t o  the various driver transducer displacement 
i n p u t s  used i n  tes t ing the system. 
response when a sinusoidal voltage i s  applied t o  the driver trans- 
ducer. 
i n  the lower trace while the error  signal w i t h  the loop closed i s  
shown by the middle trace.  
particular case is  a 9600 angstrom peak t o  peak sinusoidal displace- 
ment shown i n  the upper t race as the voltage applied t o  the driver 
transducer. The closed loop error  signal i s  250 angstroms peak t o  
peak as compared t o  the open loop multiple fringe system response. 
Figure 31 ( a )  and ( b )  are the excitation and response curves for a 
square wave i n p u t .  The i n p u t  signal t h a t  i s  applied t o  the driver 
transducer (upper trace i n  ( a ) )  i s  rounded considerably because o f  
the re lat ively large capacitance of the i n p u t  driver transducer. 
upper trace i n  ( b )  shows the correction signal applied t o  the high 
frequency correction transducer as a resu l t  o f  a square wave i n p u t .  
The closed loop system error  i s  represented by the lower trace 
Figure 30 shows the system 
The o u t p u t  signal w i t h  the high frequency loop open i s  shown 
The i n p u t  t o  the system fo r  this 
The 
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i n  ( b ) .  
peak t o  peak and the system response w i t h  the loop open i s  shown by 
the lower trace of (a). 
The i n p u t  displacement to  the system i s  4800 angstroms 
The photographs i n  Figure 32 show i n  the lower trace the 
voltage that  i s  fed back to  the h i g h  frequency correction transducer 
(d2 )  when the i n p u t  displacement ( d l )  i s  caused by the voltage 
shown i n  the upper trace.  
response t o  sinusoidal, square, and triangular wave inputs. 
Figure 32 ( d )  shows the system response for one cycle of a 
tr iangular wave. 
t o  one half cycle o f  sinusoidal, t r i a n g u l a r  and square wave i n p u t s .  
The upper trace of each photograph i s  the i n p u t  voltage t h a t  i s  
applied t o  the i n p u t  driver transducer. The lower trace i s  the 
fed back signal voltage applied to  the high frequency correction 
transducer. 
Figure 32 ( a , b  and c)  show the system 
Figure 32 (e,f , g ,h )  shows the system response 
The operation of the low frequency control loop was quite 
satisfactory and provided a very s table  system. The improved 
design of th i s  s tabi l izat ion system effected by the author in this 
study should prove beneficial t o  many other interferometric systems 
since i t s  principle of operation i s  not res t r ic ted i n  any way to  
th i s  particular system. 
I t  would be advantageous t o  use electromechanical voltage t o  
displacement transducers tha t  posses smal 1 e r  capacitive reactance. 
Such a change would ease the power amplifier power requirements 
thereby improving the frequency capabili ty of  the control system 
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containing them. 
capacitance reduction by merely reducing the s ize  o f  the transducers. 
Through optimization of the capacitance-displ acement re1 ationshi ps 
o f  a transducer t o  meet tfie capability of the specific power 
amplifier, a reasonable and desirable compromise should be effected. 
I t  may be possible t o  achieve some of this  
VI. CONCLUSIONS 
Three major accomplishments were derived from this work. 
1. 
direct measurement of mechanical displacements of periodic or 
aperiodic nature. The measurement limits of the particular 
system discussed in the previous sections are determined by 
the amplitude of the closed loop system error signal. The 
maximum amp1 i tude of measurabl e displacement is approximately 
12,000 angstroms over a frequency band from 20 hertz to 
one hilohertz and to more than two kilohertz if the amplitude 
of displacement i s  less. 
mechanical displacements can be measured i s  determined by the 
electrical noise within the system and the linearity of both 
the photodetector responsivity and the transducer voltage to 
displacement response. With small amplitude input displacements 
(1 ess than lo3  angstroms 1 the sys tem measurement capabi 1 i ty 
approaches the noise level in the system which i s  approximately 
three angstroms. 
2. An improved stabilization control system for many types o f  
optical interferometers has been designed that meets a1 1 
application requirements. 
3. 
mechanical displacement i s  presently limited only by the 
performance characteristics of the voltage to displacement 
The esta6lishment of the feasibility of a method for the 
The accuracy with which the 
The interferometric measuring system for high frequency 
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transducers and ,  as bet ter  devices of this type become 
available,  improvements i n  the performance o f  this type o f  
system are possible. 
i 
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